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ABSTRACT

Cable boit supports are widely used as ground support in underground bard rock and

coal mines. During the last two decades, the cable boit technology bas improved

significantly and new types of cable bolts, new grauts and Dew installation methods

and pumps have been introduced and successfully developed. The design of cable

bolts is currently attempted by empirical methods based on rockmass characterization.

However, uotil such methods do not take iDto account ail the important parameters

affecting the mechanical behaviour ofcable bolts namely, the type ofcable geometry,

grout quality, stiffness of the hast medium, the amount of confining pressure and the

presence of end anchorage and pretension.

This thesis deals with the numerica1 modelling of cable bolts considering ail of the

above mentioned factors. Ta evaluate the shear bond stiflhess of cable bolts, which

simulate the interface between the cable boit and the rockmass, a new empirica1 model

is developed. A database with data ofpull-out tests is constructed. Empirical relations

were derived between the shear bond stiffhess and the variation ofconfining pressure,

the modulus of elasticity of hast medium and the water:cement ratio. The relations

were derived for three types ofcables (standard cable, nutcase cable and garford bulb

cable). A new numerical model using the finite element method is developed for the

numerica1 simulation of cable bolts. Together with the empirical model for shear bond

stiffness, the numerical model computes the load distribution a10ng the cable boIt and

thus cao simulate fully grouted, partially grouted , end anchored and tensioned cable

bolts. The model is implemented in an existing finite element code (e-z tools).

Parametric analyses are perfonned on the new model, and proved useful in the

demonstration ofthe raie ofeach design parameter.

A new design methodology is proposed to evaluate the load distribution a10ng the

cable boit. Two case studies are presented: a stope hangjng-wall support by cable boit

ü



•

•

•

in a hardrock mine and a tailgate secondary supports in a coal mine. A comparison

with measurements in the field shows good agreement with computed forces.
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RÉsUMÉ

Les câbles d'ancrage sont trés utilisés comme souténement pour le contrôle de terrain

dans les mines souterraines de roches dures et les mines de charbon. Durant la dernière

décennie, la technologie des câbles d'ancrage a évoluée et de nouveaux types de

câbles, de coulis de scellement, de méthodes d'installation et de pompes ont été

développés. La conception des câbles d'ancrage peut être faite en utilisant des

méthodes empiriques basées sur la classification des massifs rocheux. Cependant,

jusqu'a maintenant il n'existe pas une méthode exacte pour la conception des câbles

d'ancrage qui prenne en compte tous les paramètres importants affectant leur

comportement : type de câble, coulis de scellement, rigidité du massif rocheux,

pression de confinement, plaques d'appui et pretension.

Cette thèse traite de la modélisation numérique des câbles d'ancrage en considérant

tous ces facteurs. Pour évaluer la rigidité de contact en cisaillement entre le câble et le

massif rocheux, un modèle empirique a été développé. Une base de données avec des

données d'essais d'arrachement a été constnlite. Des relations empiriques ont été

trouvées entre la rigidité de contact en cisaillement et la variation de la pression de

confinement qui est l'un des principaux facteurs pour la rupture des câbles sur le

terrain. Des relations ont été dérivées pour trois types de câble (câble monotoron,

câble à manche, câble à bulbe). Un nouveau modèle numérique utilisant la méthode

des éléments finis a été développé pour la conception des câbles d'anerage. Utilisant le

modèle empirique pour l'évaluation de la rigidité de contact au cisaillement, le modèle

numérique permet de simuler des câbles complétement et partiellement scellés, des

câbles ancrés avec des plaques d'appui et des câbles tendus. Le modèle a été

implémenté dans un code de calcul existant (e-z tools). Des analyses paramétriques

ont été réalisées sur le nouveau modèle qui a permis d'identifier les paramètres les plus

importants.
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Une méthodologie de conception pour évaluer la distribution des forces le long des

câbles d'ancrage est proposée et deux cas d'études sont présentés: un cas utilisant les

câbles d'ancrage pour le souténement des murs supérieurs des chantiers d'abattage

dans les mines de roches dures et un autre exemple utilisant les câbles d'ancrage

comme souténement secondaire dans les galeries de mines de charbon. Une

comparaison avec les mesures sur le terrain montre un bon accord avec les forces

calculées par le modèle.
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CBAPTERI
INTRODUCTION

1.1 General

Rock supports are used in both civil and mining engineering projects to reinforce the

rock mass and ta help it ta support itself: Rock supports cao he temporary or

permanent; they cm also be classified as: internai and external. Internai supports

include bolting, anchoring and ground modification techniques such as ground

freezing and jet grouting. External supports take many forms like bacldill, shotcrete,

steel arches, timber cribs and props.

Rock reinforcement by bolting and anchoring cao be divided into three basic types :

- Mechanically anchored rockbolts.

Grouted rock bolts and cable bolts

Friction anchored rockbolts.

Generally, wire mesh and shotcrete are used in cambination with rockbolts. Wire

mesh is used ta support small pieces of 100se rock or as reinforcement for shotcrete.

Two types of wire meshes are commonly used in underground excavations: chainlink

mesh and weld mesh. Shotcrete is increasingly used to provide support to the rock

surface between rockbolts. There are two basic types of shotcrete: the dry-mix

shotcrete where the mix is transported dry and water is added at the nozzle. The wet­

mix shotcrete has the same components as the dry-mix, except that the water is already

added in the mix before transportation.

The history of rock anchorages dates from 1934 (Littlejohn, 1992) when Coyne

pioneered their use during the raising ofthe Cheurfas dam in Algeria (Drouhin, 1935).
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Since then, the use of rock anchors bas increased ail over the world. In mining, strata

bolting was introduced on a large scale in American coal mines in the late 19405. The

United States Bureau of Mines (USBM) found that mechanical shell anchored roof

bolts were economical and efficient support elements in coal mines, and in the late

1940s a research program was initiated to calibrate roof bolts. By 1960, roof bolts

became importan~ safe supponing elements. In 1970, the U.S. Coal Mine Health and

Safety Act enforced the law that underground openings must he supported by rock

bolts and must not be operated under unsupported areas.

Cable boit support was introduced in mining in the mid 1960'5 in Australia and a few

years later it was applied in Canada. The first Canadian cable bolting experiment was

condueted at the Noranda Geco division, Ontario, to reinforce the backs and walls of

large open stope (Gramoli, 1975). Since then, much research has been carried out to

better understand the behaviour ofcable bolts using laboratory and field pull-out tests.

Analytical and numerical models were developed (Mitri and Rajaie, 1990; Kaiser,

Yazici and Nosé, 1992; Hyett and Bawden, 1992). The technology ofcable bolting bas

made leap advances and in the last decades innovative cable boit geometries, grout

mixes, grout pumps and installation techniques have been introduced, tested and

shown to give promising results. In 1996, Hutchinson and Diederichs produced a

handbook and made a comprehensive review of what was done so far in the field of

cablebolting. The need to monitor the behaviour of cable bolts in the field was

recognized and new instrumentation methods were introduced (Choqu~ 1988;

Chekired et al., 1997; Bawden et al., 1997).

1.1 Oassifieation of roek anebon

Rock anchors have been used for many years for the support of underground and

surface excavations in both mining and civil engineering projeets. Different types of

rock anchors are used worldwide.
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For mechanically anchored rockbolts, the expansion shell anchored rockbolts are the

MOst common form of mechanically anchored rockbolt. The components of a typical

expansion shell anchor are a tapered cone with an internai thread and a pair ofwedges

held in place by a bail. These expansion shell anchors work weil in bard rock but they

are not very effective in heavily jointed rocks and in soft rocks (Hoe~ 1998). In such

rocks, the use of resin cartridge anchors is recommended.

In permanent support applications, the use of fully resin-grouted rockbolts is

recommended. The cartridges are pushed to the end of the drillhole ahead of the boit

rad that is then spun into the resin cartridges by the drill. The high unit cost of resin

cartridges limits the use offully resin grouted rock boIt.

The MOst commonly used grouted rock boit is the rebar or threaded bar made of steel.

Different surface geometries of this type exist on the market; cement or resin are used

as grouting agents. They are used for temporary as weil as permanent support under

various rock condition.Grouted rebar with resin gives rapid support after installation

but the disadvantage is mainly the cost. Grouted rockbolts with cement, when properly

installed, provide a durable reinforcement system but the use of cement requires

several days before the boit cao be considered effective and quality ofgrout is difficult

ta control (Stillborg, 1994).

More recent innovations in the grouted rockbolt include the GRP rock bolts developed

by Weidman, injection boit, selfdrilling boit and resin boit.

Another family of rockbolts is the friction anchored rockbolts , which rely on the

frictional resistance to sliding between the rock and the boit surface ta provide

support action. Friction is generated by a radial force against the borehole wall over

the length of the boit. This family of rockbolts is now very popular in mining because

of its rapid and simple installation. Two tiiction anchored rockbolts types are available

on the market: the Split Set and the Swellex.
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Split Set rockbolts were developed by Scott (1976) and are manufactured and

distributed by Ingersoll-Rand. The system coDSists ofa slotted high strength tube and

a race plate. It is installed by pushing it inta a slighdy undersized hole. The Split Set is

very common in mining throughout the world but is seldom used in civil engineering

applications. The problem with tms type of rockbolt is the corrosion and it cannot be

used in long term installations unless treated to resist corrosion.

Swellex rock bolts were developed and marketed by Atlas Copco, no pushing force is

required during insertion and the rockbolt is activated by injection of high pressure

water. Like the Split Set, corrosion is a disadvantage because the outer surface of the

tube is in direct contact with the rock Atlas Copco developed a new type with

effective corrosion resistant coatings. Speed of installation is the principal advantage

ofthe Swellex system as compared with conventional rockbolts and cement graut rock

bolts. The Swellex rockbolt is commonly used in mining industry and is increasingly

used in tunneling work for civil engineering applications.

Cable bolts have been used extensively in underground mines in recent years. The

difference with conventional rockbolts is the increased boit length, its flexibility and

the high load bearing capacity mobilized in the cable. A conventional cable boit is a

flexible tendon consisting of a number of steel wires, which is grouted in a borehole.

Modem cable bolts in hard rock mining are based on the 7-wire steel strand. The wires

are made of high strength steel, and give a total ultimate tensile strength of 26 tonnes.

Modified geometry cable bolts were subsequently introduced; they include the bulbed

cable, steel birdcage and cable strand with buttons (Figure 1.1). During the early

1990s, glass fibre cable bolts and composite cable bolts were developed ta eventually

become a viable alternative ta steel cable bolting; however steel conventionnai cable

bolts still take the lion's share ofthe cable bolting market loday.
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Figure 1.1 : Standard cable bolts and modified cable geometries
a) birdcaged cable b) nutcaged cable c) bulbed strand
(after Hutchinson and Diederichs, 1996)
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1.3 Study problelD

Since their introduction in the mining industry, cablebolts have become very popular

and their applications increased in underground bard rock mines and coal mines to

provide a safe working environment, to increase rock mass stability and ta control ore

dilution from the $lope boundaries (Figure 1.2).

The natural stress cc,nditions in the field, the interaction between the cable and host

rock, the load transfer mechanisms and possible failure modes have made the design

of cable bolts very difficult; some methods were developed for the design of cable

bolts. In the beginning, empirical methods were used, later analytical methods and

numerical methods were developed. Due to the complexity of the problem, there is no

real method which will take into account ail the important factors influencing the

behaviour of cable bolts in the field: etrect of confining pressure, efFect of rockmass

$litTness, etTeet ofgrout mix and additives, etTect ofcable boIt geometry as weil as end

anchoring and tensioning.

The shear stress, which resists slipping of the cable is a produet of the confining

pressure and the coefficient of friction between the steel wires and the grout. Shear

strength increases with higher grout $lrength, increases in the rock stifthess and

increases in contining stresses in the rock after installation of the cable. Decrease in

shear strength can be expected ifone ofthese factors decrease and causes reduction in

cable capacity. Many theoretical models were developed (Yazici and Kaiser 1992,

Hyett et al 1992) but these models have their own limitations as they don't take into

account ail the factors influencing the behaviour ofcable bolts.

The objective in the design of cablebolts is the evaluation of deformations and

distribution of loads in the cable which should meet the design requirement ioto a

specified safety factor. The problem is how to determine the axial load distribution

and how ta design the cable bolts while taking into consideration ail important design

l~
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a} Open stope hanging wall support

a} Gateroad support in coal mine

Figure 1.2: Application ofcable balts in underground mines
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parameters: type of cables, tensioning, anehoring, proPerties of hast rock and miniog

induced stress.

1.4 Scope and objectiva

The primary objective of this thesis is to develop a new designlanalysis method for

cable boit support systems. In particular this method will consider the effect ofvarious

parameters influencing the behaviour of cable bolts. These parameters ioclude

canfining pressure, hast rock medium stitlhess, cable geometry, grout, end anchoring

and tensioning. An empirical model for the shear bond stifthess, takiog the effeets of

cable geometry, hast medium and canfining pressure will be developed. Coupled with

a new numerical model for the prediction of Joad distribution along cable bolts which

have the capability of simulatiog end plates and pretension, the new design method

will be a key tool for the ground control engineer for the design of cable bolts and

should take into account all important parameters as cable length and orientation,

modified cable geometry, bonding effeet ofcement or resin grout, passive or tensioned

boit, effeet ofrock mass stitTness and etTeet ofcanfioing pressure.

This thesis will Cocus on the application of cable boit supports in mines. For this

purpose two case studies are presented. They are:

• Coal mine: gateroad support by cable bolts and rock bolts.

• Hard rock mine: hanging wall support by cable bolts.

1.5 Thais oudine

This introductory chapter is followed by a chapter focusing on cable boit technology.

Chapter 3 presents the different design methods for cable bolts. Chapter 4 presents the

empirical model for cable shear bond stifthess to take into account the effeet of the

water:cement ratio, the stitTness of the host medium and the confioing stress. Chapter

1-8
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S describes the numerical model and the fonnulation of the new model with its

features and limitations. Chapter 6 presents a parametric study and the influence of

ditTerent important design parameters. Chapter 7 is an application of the model to two

case studies one for a hardrock mine and another for a coal mine. This is followed by

chapter 8, which contain a summary ofthe main conclusion, and recommendations for

further research.

1-9
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CHAPTER 2

CABLE BOLTING TECIINOLOGY

2.1 Introduction

Cable bolts were first introduced in underground hardrock mines during the seventies

and later they were used in underground coal mines. The technology of cable bolts

was developed initially for cut and till mining (Fuller, 1983), however, it quicldy

round many other applications in underground rnining; see Figure 2.1. In surface

excavations the systematic use of cable bolting has resulted in more stable slopes and

often enabled steeper pit slopes.

The early versions of cable holts consisted of discarded winder rope and smooth pre­

stressing wires. The pre-stressing wire was readily available and was made into cable

bolts consisting of seven, straight, 7mm diameter, high tensile , steel wires arranged

with plastic spacers (Windsor, 1992). The load transfer charaeteristics ofplain wires is

quite poor due to their smooth, straight profile and the Poisson effect which causes

radial contraction. The conversion from plain wire to strand gave startling

improvements in produetivity, adaptability and mechanical performance. The first use

of strand cable holts was in the early 1970'5 in Broken Hill, Australia.

The cable bolting technology has been greatly improved over the last decade, with the

introduction ofnew types ofcables , grouts and graut pumps.
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Figure 2.1: Cable boit applications in underground mining

(after Hutchinson and Diederichs, 1996)
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• %.2 Modified geometry cable bolts

The most common type ofcable boit used in Canadian mines is the 7 wire steel single

strand cable. Other types of cable bolts which were introduced later included; double

steel strand, birdcage and strand with buttons (Figure 2.2).

Lan.........

....
pllinllmnd

~ •~1INnd....,....
111'1 , ' iii -=.....

• EkAed f GrlINnd

•
Figure 2.2: Types ofcable bolts (Windsor:. 1992)
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Modern cable bolts for hard rock mining are primarily based on the 7-wire steel

strand cable. It bas a cross sectional area of 138.7 mm2
, an overall diameter of 15.2

mm, a circumference of approximately 63mm and a weight per unit length of 1.1

Kg/m. The wires are made of high strength stee~ and give an ultimate tensile strength

of26 tonnes.

In 1983 the birdcaged cable boit was developed for use in cut and fill mining at Mount

lsa mine in Australia (Windsor, 1992). In the last few years a number of other

modified strands have appeared in the form of 'bulbed' strand and 'fenuled' strand.

The performance (pull out tests) of modified geometry cable bolts is generally higher

than the performance of the 7 wire steel single strand.

A new type of cable boit was developed during the early 1990s the glass fibre cable

boit (pakalnis, 1994). Approximately 70% of the composites's volume consists of

reinforcement fibre which provide 98% of the tensile strength. When a load is applied

ta a composite, it is transferred by the matrix material ta the reinforcement fibre

through interfacial shear (Figure 2.3). The surface coating ofthe cable can be changed

in arder to prevent severe corrosion and to alter the cable bolt's pull out resistance.

Pull-out tests and direct-shear tests were condueted on this type of cable by Miller and

Ward (1998). The ultimate tensile strengths of grouted fiberglass cable bolts were

approximately 260 k:N for the 7...tendon bundle and 408 k:N for the la-tendon bundle.

Another type of cable boit was recently introduced by Atlas Copco (Hoek, 1998) the

hollow cable and this could reduce some ofthe grouting problems.

2-4
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Figure 2.3: Fibre glass cable boIt (after PakaInis, 1994)

2.3 Installation methods

•
In situ installation methods are numerous. The selection of the best method depends

on the type of grout used. The cable boit installation methods MOst commonly used

for cement grout are : the breather tube method and the grout tube method

(Hutchinson and Diederichs, 1996). The breather tube method (Figure 2.4) is used for

upholes only with grout of 0.375-0.45 water:cement (w:c) ratio. The optimum grout

for this method is one with w:c ratio of 0.4. This method should be used with caution

in areas with open fractures which May cause grout loss with thinner grouts and May

prevent complete filling of the hole. The main problem with this method is that it is

difficult ta detect when the hole is full of grout. It is preferable to stop grouting the

bore hole ooly when grout returns along the bleed tube. In loose, thinly laminated

ground, caution is required to avoid pressuring fractures causing the laminations ta

separate and rupture.
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Figure 2.4: Breather tube method
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• Figure 2.5: Grout tube method
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The grout tube method (Figure 2.5) cao be used Cor any hole orientation and with

grout oC 0.3 to 0.375 w:c ratio. The optimum grout Cor this method should have a w:c

ratio of0.35. These thicker grouts may cause pumping difficulties when less PQwerful

pumps in long hales are used. The grout will have to be pumped into borehole and

there is little danger of slump voids being formed. A higher water/cement ratio mix

will certainly result in air voids in the grout column as a result of slumping of the

grout. Modified cable, such as birdcage, ferruled or bulbed strand, should be grouted

using a 0.4 water/cement ratio mix to ensure that the graut is fluid enough to fill the

cage structure of the cable. ThereCore the breather tube method must be used Cor these

types ofcables (Hoek, 1998).

For resin cable boit, the installation is difTerent (Figure 2.6). After drilling the desired

hole based on the correct depth, resin cartridges are inserted into the drilled hole. The

cable is inserted under rotation and after the resin cable boIt bas been spun for the

specified time, plates and nuts are mounted. Resin cartridges consist oC two

compartments separated by a physical barrier. One compartment contains a

unsatorated polyester resin mastic and the other an organic peroxid catalyst. The

rotation of the boit during installation ruptures the eartridge, shreds the film, and

mixes the two components, thus causing a chemical reaction which transforms the

resin mastic to a rock solid anchor.
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1- Insert required number ofresin cartridges

2- Insert cablebolt under rotation
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3- Mounting and tensioning ofplate and nut

Figure 2.6: Resin-grouted cable boit installation

%.4 Grout and rain mixes

Generally speakin& two groups of cable grouts are currently in use: cement- based

grout and resin- based grout.

2.4.1 Cement -based grout

Cement grout consists of water and Portland cement with occ&sional use of additives

such as sand, silica fume and plasticizers .

The MOst commonly used grout is from Portland cement type 10, and type 30. Type 30

is less attractive in practical mining than type 10 because of its higher cost and its

lower uniaxial compressive strength.

The design of the grout for cable boit applications depends on installation

considerations (installation method, pumping rate, mixing time) and performance



• considerations (bond strength and load transfer mechanics, grout performance with

time).

Three factors affect the physical and mechanical properties ofthe grout:

- The water:cement ratio.

- The use ofadditives.

- The pumping system.

These factors contribute to the ultimate cable boit capacity.

The most important property ofcement is the water:cement (w:c) ratio. It is defined as

the ratio of the mass of water (M.) used to create the ftesh cement paste mix, to the

mass ofany hydrous cement (Mc) used in the same mix:

The results of an experimental study done by Hyett et al. (1992) on Portland cement

grouts showed that the properties ofgrout with water/cement ratios of 0.35 to 0.4 are

betterthan those with ratios in excess of0.4 (F~gure 2.7). The ideal water/cement ratio

for use with cable bolts lies in the range of 0.35 to 0.4. The influence of different

additives on the physical and mechanical properties of cement grout was studied by

Benmokrane et al. (1992). The introduction of a1uminium-based, silica fume, and sand

to the standard grout appears to improve the bond strength characteristics.

•
w:c = M.(Kg) / Mc(Kg) (2.1)

•

There are a number of different grouting equipment. The mixer selected must be able

to completely mix a given volume ofdesign consistency grout in a reasonable amount

of time. The grout mixers currently in use in cablebolting applications include drum

mixers, colloïdal mixers and paddle mixers.
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Figure 2.7: Variation of mechanical properties ofcement grout with

water:cement ratio (after Hyett et al., 1992)
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2.4.2 Resin-based grout

Chemical grout is a new technology. The chemica1 grout is largely associated with

roof control in longwall mining operations. The first chemical grout introduced in the

mining industry was the polyurethane grout in 1971. The utilization of polyurethane

grout is restrieted by its limited range of physical and mechanica1 properties. A new

type of chemical grout that was developed and became more popular is the polyester

resin grout.

Resin-grouted cable bolting was initiated in the United States in 1992 and the

procedure is new for underground coal mines (Tadolini, 1999). The mechanica1

properties ofpolyester grout would be particularly effective where the roof material is

weak and under heavy loading (Campoli, 1999). Laboratory and field results indicate

that keeping the resin at the top ofthe hole can be the difference between adequate and

inadequate anchorage for resin-grouted cable.

An experimental work done by Kafarkis et al. (1998) showed that various resin

formulations exhibited somewhat different responses. In the testing program of

polyesters-based grouts, five resins, identified as Resins A through E, were used.

Resin A and B provided initial indications of mechanical properties and pumpability

charaeteristics ofpolyester-based grouts. Resin Ct D and E were tested in fonnulations

both with and without additive. Grout fonnulations with Resin E were designed to

improve on the cohesion, deformability, pumpability, variable gel times and water

resistance of the grout trom the previously tested grouts. Among all of the

formulations tested, it appears that grout formulations with Resin E exhibit the best

laboratory defonnability and strength characteristics for field testing (Figure 2.8). The

range of properties identified with the various formulations suggests that polyester

grout May prove to be a versatile ground support means for Many applications in

difficult ground conditions.
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Figure 2.8: Stress-strain curves for Resin E grout fonnulations

(after Kafarkis et al., 1998)

Resin grout is often preferred when effective reinforcement is required from cables in

a short period of time after installation. Resin grouts usually set in two hours and

achieve appreciable bond strength in 12 hours, whereas cement based grouts May

require 24 to 48 hours to achieve equivalent bond strength. Until now the limitation of

using resin grout is mainly the oost.

2.5 Pumping

The grout pump must be able to pump the thickest grout into the longest cablebolt

borehole that will be used on the site. This depends on the water-cement ratio of the

grout. Grout pumps commonly used in cablebolting can be classed into two groups on

the basis of their pumping mechanism: piston pumps and progressing cavity pumps.
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• 2.5.1 Piston pumps

The pumping action ofa piston pump is shown in Figure 2.9. The grout is pushed into

the hose on the up-stroke atone. Double-acting pumps push grout on both strokes. The

capabilities of piston pumps vary widely, depending upon the design of the piston,

valves, the pump chamber, the consistency of the grout, and the power ofthe motor.

•
~out 0lJ/

1

•

Figure 2.9: Single acting piston pump (after Hutchinson and Diederichs, 1996)

2.5.2 Progressing cavity pumps

The rotor and stator are the two key elements of a progressing cavity or eccentric

screw pump (Figure 2.10). As the rotor tums, it rotates concentrically around its own

axis, and moves eccentrically as weil, creating both a complete seal along the length of

the stator at ail times and cavities which progress continuously (in a non-pulsating

manner) along the length ofthe pump.
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Figure 2.10: Progressing cavity pump for continuous grout f10w

(after Hutchinson and Diederichs, 1996)

The hydraulic properties of grouts influence the pumpability of grouts. The f10w rate

of grout depends on the type of pump and the w:c ratio (Figure 2.11). One of the

critical factors has been the evolution ofgrout pumps capable of pumping grouts with

a low water:cement ratio to achieve adequate strengths. Now, there is a range ofgrout

pumps on the market which will pump very viscous grout.
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Figure 2.11: Typical flow rates vs w:c ratio for a) piston and b) progressing cavity

pump ( after Hutchinson and Diederichs, 1996)

• 2-15



•

•

•

2.6 Plates and Anchorage devices for cable bolts

2.6.1 Plates

A face plate is designed to distribute the load at the boIt head unifonnly into the

surrounding rock. They are predominantly used when little loading will develop near

the exposed end of the cables. There are two classes of plates that are generally used:

thin and thick (Figure 2.12). Thinner plates cao be deformed during manufacture ta

increase the initial displacement in high-stress or dynamic conditions. In highly

fractured ground, thicker plates must be used which have Joad capacities equivalent ta

the tensile strength of the cable boit (Table 2.1). The choice of the face plate is

important for the load transfer between the rock and the boit. The commonly used face

plates for cable bolts are: flat plate and domed plate. The fIat plate cao be used when

the rock surface is smooth and the boit is installed perpendicuJar to the surface of the

rock. The flat plate, when loaded, is supported oo1y at a few highly stressed points at

the rock surface. Under sufficiently high pressure, the rock mass may crush at these

points. This shortcoming in the fIat plate is gready reduced with the domed plate,

which have larger supporting areas.

Table 2.1: Typical dimensions and capacities of boIt face plates

(after Douglas and Arthur, 1983; in Hutchinson and Diederichs, 1996)

Working Load Sïze ofPlate Thickness

BoIt (Length or Diameter)

(kN) (mm) (mm)

80 125 to 150 7

150 ISO to 200 10

300 200 to 250· 12·

• Recommended for cablebolting in fractuœd ground
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Standard Plate

~e;z?
Increased Retention

Intercable Retention

Figure 2.12: Typical face plates (after Hutchinson and Diederichs, 1996)
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2.6.2 Pretension

The mechanics of installing cables with an initial pre-tension are complex due to the

interactions between the various components of the system. The tensioning procedure

for cables consists of two phases. The first is the stressing of the cable while at the

same time pushing the surface hardware, including the anchor, tightly against the rock

face. The second is the relaxation of the system foUowing removal of the extemal

force.

Thompson (1992) showed that three key considerations deterrnine the correct reaction

configuration: P. (the ratio ofjacking load applied to wedges), Pmax (maximum load

in cable during jacking) and Pres ( the residual load remaining in the cable after the jack

is removed). The relation between the residual load in cable Pres and the free cable

length is shown in Figure 2.14.

When the reaetion Joad is applied directly to the wedges (A: P.=I000At), the peak cable

load behind the plate will be 30 to 50 % ofthe peak load registered by the jack. When

a partialload is applied to the wedges (0: P.=lOOI'o) the peak load in the cable behind

the anchor approaches the maximum totalload registered by the jack. Iacking systems

which apply 100% of the load solely to the barrel (B: P.=O%) are unacceptable for

plating, the residual load in the cable can approach zero in this configuration. Iacking

systems which apply 50% of the load (C: P.=5001'o) cao be effective for tensioning

applications.
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Figure 2.13: Tensioning configuration (after Thompson, 1992)
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Hutchinson and Diederichs (1996) gave some recommendations:

- For plate installation jacks which apply fullioad to the wedges during installation are

reconunended for barrel and wedge anchorage of surface fixtures where a residual

cable load of4 tonnes is required.

- For tensioning, jacks which apply a partial load to the wedges by means of a nose

cone spring are recommended for tensioning applications where high residual loads

are required and most importantly, where long ftee lensths are present.

2.7 In-situ monitoring of cable boit performance

Ta see how cables behave in the field and to compare with results from laboratory

tests and numerical modelling, an instnlmentation program is needed to measure axial

deformations and loads in the cable to improve the cable boit design (Hutchinson,

1992; Hutchinson and Grabinsky, 1992).

The data colleeted ftom these instruments can help the engineer to change cable boIt

pattern, add more cable bolts, change length of cable bolts, determine if the cables are

being loaded, verify the specitied bond strength and change the type (plain to

birdcage) ofcable bolts.

The instruments available on the market are based on the variation of wire resistance

during axial loading. Gauge type measuring device and ceIl type load measuring

device are used. An available spiral strain gauge (Tensmeg gauge) manufaetured and

marketed by Roctest inc. consists of a set of plastic sheathed wires that are wrapped

around the cable boit (Choquet and Miller, 1988). The gauge is a patented device for

monitoring of strains. Using the calibration curve, provided by the manufacturer, the

load can he monitored. Many factors and etTects may invalidate the results and the

gauge life. This type of instrument is not reconunended for long term monitoring.
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• Environmental conditions in the field ( temperature, humidity, corrosion) are not ideal

and have an influence on the instrumented cable in the long term.

Anwyll (1996) trom McGiIl University developed an instnunent called the Cable BoIt

Grout Displacement Meter or cable-GDM. The cable-GDM is a multi-point wire

extensometer that monitors the movement of the grout column surrounding a cable

boit. The limitations of this instrument is that it assumes that the graut will remain in

contact with the surrounding rock mass regardless of the condition of the cable/grout

interface and it doesn't measure the cable displacement to get the tension in the cable.

Bon:hole wallCable-bolt

Resistance Rubber

wire anchor

Plastic tubing

Electrical Electrical

cable connection
•

Figure 2.15: The Tensmeg gauge (after Choquet and Miller, 1988)
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MONITORING
DEVieE

Figure 2.16: The cable-GDM, a wire extensometer cable boit grout displacement

(after Anwyll, 1996)

Another instrumentation device developed at the University of Sherbrooke in

collaboration with MeGill University (Chekired et al., 1997) is the CTMO (Cable

Tension Measuring Deviee). The CTMD eonsists ofa vibrating wire strain gauge and

is designed specifleally for the 7 wire steel cable which is 15.2 mm diameter (Figures

2.17 and 2.18). The configuration of the installed CTMO has an approximate length of

120 mm and can be installed at any point of the cable. To record cable boit tension the

vibrating wire strain gauge ftequency must be adjusted using a readout data 1018er

before the screwing step. The CTMO May cause grout pumping difficulties and

doesn't capture large straïns. Small range of strain is limited by the strain Iimit of

vibrating wires.
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Figure 2.17: CTMD installed on cable boIt (after Chekired et al., 1997)

Figure 2.18: Different components orthe CTMD (after Chekired et al., 1997)
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• Bawden et al. (1997) developed a new instroment integrated in the cable: the SMART

cable (Stretch Measurement to Assess Reinforcement Tension). It coDSists of a Multi­

Point Borehole Extensometer (MPBX). It involves instmmenting the king wire of the

cable with fixed reference anchors and the originality of this instrument compared to

others is the integration ofthe instrument inside the cable to avoid the contact with the

grout and the external conditions.

The concept of SMART cable (Bawden et al. 1997) is ifthe extension or stretch

(di_di+1
) between two known locations (Li+Li+l) along a 7-wire strand cable cao be

measured:t the strain (often referred to as elongation) rnay be written:

For 15.8 mm diameter low relaxation 7-wire strand the corresponding tension is

• F= a..e(kN) (2.3)

•

where for the elastic response:

a. = 25000 kN/mlm (O<F<22SkN)

and for the strain hardening response after yjeld:

a. = 600 kNlm/m (F>225kN e<0.035 mlm or 3.5%)

Thus the average load in the cable can be calculated from the strain between adjacent

anchor points, and by using multiple anchor points the load along the whole cable boit

is determined.
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Experimental tests in the field using SMART cable at Bousquet mine (Québec) (Hyett

et al. 1997) and Callinan mine (Manitoba) (Bawden et al. 1999) showed that SMART

technology may be used as a valuable tool in cable design verification. The main

limitation of the SMART cable is that the readings are temperature sensitive.

Temperature changes cao lead to erroneous measurements of displacements, and

bence strains and cable axial load. A second limitation of the SMART cable is the

necessity of unwinding the cable and rewinding it belore installation. This

complication adds cost and does not make the instnmlent readily available for any

cable boit installation.
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• 2.1 Performance of cable bolts

2.8.1 EtTect ofwater cement ratio

Bassani et al. (1992) showed that water:cement ratio (w:c) dietate both workability

and pull out strength (Figure 2.19) . Excessive amount ofwater in grout decreases the

density ofgrout as a result a poor graut is obtained.

25Q .--------------.....,..---~

•

200 ---- ---- ----

w/~S

w/e:-0.3

•

o 200 4lOO 600 800

Embedded length ofcable (mm)

Figure 2.19 : Effect ofwater:cement ratio on the capacity ofcable boit

(after Hassani et al., 1992)

Reichert et al. (1992) condueted laboratory and field programs to investigate the

major factors influencing bond capacity of grouted cable bolts. They gave the

variation of the mechanical properties of the grout (uniaxial compressive strength,

Young's modulus) with water:cement ratio(w:c) . They concluded that the range of

w:c=O.3S to 0.4 provides the optimum balance ofstrength.
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• 2.8.2 Cable embedment length

The embedment length for a cable is detennined by the joint spacing a10ng the axis of

cable boit. It is used ta describe the active length of grouted cables. The efFect of

embedment length on the behaviour of cable bolts bas been studied in the laboratory

and in the field by severa! authors.

Hyett et a1.(1992) conducted several laboratory and field tests at different embedment

lengths. They showed that the cable boit capacity increased almost linearly over the

range ofembedment lengths tested .

Figure 2.20 shows the results of pull-out tests conducted on cable bolts ofembedment

lengths ftom 1S cm to 7S cm. As can be see~ cable capacity increases with

embedment lengths (Bassani et al, 1992). The longer the embedment length the

stronger the system should be.
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Figure 2.20 : Etrect ofthe embedment length (B.L) on the capacity

ofcable bolts (after Hassani et al., 1992)
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2.8.3 Mechanical properties of host medium

While the cable geometry and grout are controllable design parameters, the properties

of the rock mass in which the cable boit is inserted is not. The modulus ofelasticity of

the host rock appears to greatly influence the capacity ofcable bolts.

Hyett et al. (1992) made a comparison between the radial confinement provided by the

steel, aluminium and PVC pipes in the laboratory (Figure 2.21) and with the granite,

limestone and shale rock masses in the field and concluded that:

- when the radial stiffitess of the confinement is accounted for, a good correlation

exists between laboratory and field test results.

- the effect of radial confinement is MOst evident for high strength grouts (0.3 and 0.4,

UCS > 6S MPa).

- for low strength grouts the peak cable boit capacity depends primarily on just how

strong the grout is.

- for the granite, high variability in the radial stitTness correlates to high variability in

the cable capacities.

Hassani et 81.(1992) in a laboratory investigation using pull-out tests with the radial

confinement of steel pipe, concrete black, weak black and PVC pipe showed that

rocks with higher modulus of elasticity increase confinement or radial stresses on the

grout and as a result improves the cable boit capacity (Figure 2.22).
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• 2.8.4 Confining stress

The behaviour of cable boit depends also on the stress state in the field. This fàctor

must be taken into account in the design of cable bolts. The problem is how ta

simulate this effeet.

•

An experimental work in the laboratory was condueted by Hyett et al. (1995) and it

consists of a series of pull tests using fully-grouted seven-we strand cable, in which

the confining pressure at the outside of the cement annulus was maintained constant

using a modified Hoek celle The bond strength was shown ta increase with confining

pressure. The results (Figure 2.23) show that the shape of the load-displacement plots

is pressure dependent. For low confining pressure, peak capacity was attained during

the initial 10 mm of axial displacement whereas for higher confining pressure it

usually occurs after 40-50 mm. The data were used ta develop a fiietional-dilational

model for cable boit failure
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Figure 2.23: Effeet of confining stress on the cable capacity

(after Hyett et al., 1995)
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The concept of bond stress and load transfer is complex in the behaviour of

cablebolting. Cable boit research , in the laboratory and field, confirmed that the most

prevalent mode of failure for a cement grauted seven wire strand involves fiietional

slip al the grout cable interface. Cables behave like a fiietional support system. This

implies that the pull out resistance ofa cable depends primarily on the radial pressure

exerted by the grout on the steel thus on the confinement of the graut column by the

surrounding rock mass. The pull-out resistance or cable bond strength is directly

linked to the confinement pressure at the steel-grout interface.

Yaziei and Kaiser (1992) studied the bond strength of grouted cable bolts and the

effeet of stress change and they concluded that the bond strength increases with the

stiffness ratio (rock-to-graut), the strength orthe grout, the fiietion coefficient between

boit and grout, and decreases with the diameter of the borehole. They developed a

conceptual model, the bond strength model (BSM), to take into account ail these

factors. For the stress change, it is concluded that mining induced stress change is one

of the most important parameters controlling the cable bond strength. Stress

reduetions, often measured in deep mine, cao cause the cables to lose most of their

bond strength in low to medium stitfness rocks.

2.9 Summary

The technology of cable bolts has seen leap advancements over the last two decades.

Cable geometry, pumping and grouting play an important role in the installation and

effeetiveness of a cable boit support system. Plating and tensioning increase the cable

efficiency. Instrumented cables were developed to measure the maximum loads

supported by the cable in the field. The mechanical performance of cable bolts is

influenced by the water-cement ratio, the stiffness of the host rock as weil as the

confinement pressure around the cable.
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CBAPTER3

DESIGN OF CABLE BOLTS - LITERATURE SURVEY

3.1 Introduction

Due to the complex nature of the problem ofdesigning of cable boit support system, it

is virtually impossible to follow a rigorous design procedure. However, a global

approach is needed to take into account ail important parameters affecting the

behaviour of cable bolts. The key aspects of modem cable boit design include the

choice of some parameters (Windsor, 1992): the cable boit element and its

arrangement, the cable boit anay geometry, the cable boit installation procedure, pre­

or post-reinforcement and pre- grout properties, cable boit geometry and surface

fixtures, rock mass efÏeets and mining induced efÏeets. Bawden et al. (1992) proposed

a methodology for the design of cable bolts describing the critical factors controlling

the capacity of grouted cable bolts: cable design parameters (grout properties, cable

boit geometry and surface fixtures), rock mass efÏeets and mining induced etTeets.

This chapter presents a thorough review ofthe currently available design methods for

cable boit support systems in hard rock mines.
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3.2 Empirical metbods

The most widely used classification systems in rock mechanics are: RMR. system and

Q system. Empirical support design are based on these systems.

3.2.1 RMR method

The Rock Mass Rating (RMR) system, known as the Geomechanics classification was

developed by Bieniawski (1973). It was modified ovec the years as more case histories

became available (Bieniawski, 1989 and 1993). Six parameters are used to classify a

rock mass using the RMR. system:

• Uniaxial compressive strength (UeS) ofrock material: 0 - 15.

• Rock quality designation (RQD): 3 - 20.

• Spacing ofdiscontinuities: 5 - 20.

• Condition ofdiscontinuities: 0 - 30.

• Groundwater conditions: 0 - 15.

• Orientation ofdiscontinuities (penalty parameter): (-12) - O.

For each parameter we have a rating depending on in-situ conditions and the RMR is

the total ratings. A classification of the rock mass is given based on this parameter

(Table 3.1).

Table 3.1: The Rock Mass Rating System (RMR) (after Bieniawski, 1973)

Ratings 100-81 80-61 ~l 40-21 <20

Class no. I n m IV V

Desription very Sood rock aoodrock fair rock poorrock very pool' rock
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Unal (1983) used RMR classification method for the design of cable bolt5 and gave

semi empirical support guidelines. Tunnel support pressure, cable boit length and

density are determined as a function of the 5pan and the RMR. (Figure 3.1). The

design of cable bolts usjng RMR. method is suited for moderate to large openings in

blocky ground under low to moderate stress. The method don't take into account the

etrect of stress in the field, for massive rocks at high stresses and highly ftactured

rocks.

The RMR method is widely used in rock engineering field but is limited for civil

engineering applications (tunneling). For applications in mining Laubscher (1977)

moditied the method as MRMR method (Mining Rock Mass Classification). The

classification uses the same parameters as Bieniawski but involves diff'erences in the

detail. Each of the five classes is divided into subclasses, A and B. the RMR. rating is

further adjusted to take into account joint orientation, weathering, field and induced

stresses, stress changes due to mining and the effects ofblasting.
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3.2.2 0 method (NGI classification)

Barto~ Lien and Lunde (1974) developed the Norwegian Geotechnical Institute (NGI)

engineering classification of rock masses. The classification was based on an analysis

ofsome 200 tunnel case histories from Scandinavia.

The Q-system is based on a numerical assessment of the rock mass quality using six

difTerent parameters:

eRQD.

e Number ofjoint sets.

• Roughness ofthe most unfavorable joint or discontinuity.

e Degree ofalteration or filling along the weakest joint.

e Water inflow.

e Stress condition.

These six parameters are grouped into three quotients to give the overall rock mass

quality Q as follows:

•

Q = (RQD.J,.JwJ 1(J,..Ja .SRF)

Where:

RQD = rock quality designation (0 - 100).

1,. = joint set number (0.5 - 20).

1 , = joint roughness number (1 - 4).

1a = joint alteration number (0.75 - 20).

Jw = joint water reduction number (0.05 - 1.0).

SRF = stress reduetion factor (0.5 - 10).

(3.1)
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• The numerical value of each of the classification parameters is given by Sarton et al.

(1974). The classification was adapted for tunnel reinforcement and design of cable

00115 (Sarton, 1988; Grimstad et al., 1993). The Q value is related to tunnel support

requirements by defining the equivalent dimensions of the excavation (Figure 3.2).

This equivalent dimension which is a funetion of both the size and the purpose of the

excavation, is obtained by dividing the span, diameter, or the wall height of the

excavation by a quantity called the excavation support ratio (ESR). The ESR is related

to the use for which the excavation is intended and the degree ofsafety demanded.

•

extr...ly Poor Fair Gaod

Figure 3.2: Design ofcable bolts using Q-system

(after Grimstad et al., 1993)

The method was modified by Mathews et al. (1981) and Potvin (1988) for

applications in mining. It is to be noted that RMR and Q are related by the equation

(Bieniawski, 1989)

•
RMR=9InQ+44 (3.2)
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Like the RMR metho~ the Q method is not suited for massive rocks al high stress

levels and for highly ftaetured rocks. Hoek showed the limits of cable boit application

using RMR. and Q method (Figure 3.3).

Figure 3.3: Limits ofcable boit application

(in Hutchinson and Diederichs, 1996 , after Hoek, 1981)

3.2.3 MathewsIPotvin stability graph method

The MathewsIPotvin was initially proposed by Mathews (1981) and then modified by

Potvin (1988).

3.2.3.1 Mathew's Stability Graph Design Method

Developed by Mathews et al. (1981), the method uses an adjusted NOl "Q" rating ta

determine stable excavations dimensions. The first four parameters of the NOl system

are unchanged and the quotient of the final two parameters is arbitrarily set to one.
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• Thus~ Q is then adjusted to Q' for induced stresses, orientation ofjoint stlUcture and

orientation ofthe surface being examined:

Q'= (RQDxJ,) 1(J"va ) (3.3)

•

Q' is called the modified Q classification value. This value is the same as the standard

Q classification value except for the SRF (stress reduction factor) which is set ta 1.0.

In all applications ofthis technique design, the joint water reduetion 1.. factor is equal

ta 1.0, representing the conditions commonly found in deep Canadian mines.

The Stability Graph Design approach consists of assessing the rock mass strength

based on Q', and three factors introduced to account for the stress, structure and

surface orientation. The resulting value, based on these four parameters, is called the

stability number (N) and is plotted against the shape factor (S) which is the surface

area divided by the perimeter. The graph relating the resulting stability number versus

shape factor or hydraulic radius delineate zone of "potentially stable"~ "potentially

unstable" and "potentially caving" (Figure 3.4). The stability number (N) is

calculated after equation 3.4 (Mathews et a1.~ 1981)

N=Q~ xAxB xC

Where:

(3.4)

•

A is a factor designed to account for the influence ofhigh stresses.

B is a factor designed ta take into account the influence of the orientation of

discontinuities.

C is a factor designed ta consider the orientation ofthe surface being analysed.
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Figure 3.4: Stability Graph Method (after Mathews, 1981)
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• 3.2.3.2 Potvin modifications: The Modified Stability Graph Method

Potvin et al. (1988) modified the Mathews's stability graph by redefining some of the

rating adjustment factors. The modification was based on the collection of a large

number of case histories in Canadian mines. 176 case histories by Potvin (1988) and

13 by Nickson (1992) ofunsupported open stopes were plotted on the stability graphe

The modified stability graph relates the moditied stability number (N') to the

hydraulic radius (BR) which is the surface area divided by the perimeter. The design

graph (Figure 3.5) has essentially two main zones: "stable and caved" separated by

three narrower zones: "unsupported transition zone, stable with support, and supported

transition zone".
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•

Figure 3.5: Modified Stability Graph Method (after Nickson, 1992)
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• N' =Q' xAxB xC

Where:

(3.5)

•

•

N' is the modified stability number

Q' is the modified Q classification value (as descn"bed before).

A is a factor measuring the ratio ofintact rock strength to induced stress.

B is a factor measuring the relative orientation ofdominant jointing with respect to the

excavation surface.

C is a factor measuring the influence of gravity on the stability of the face being

considered.

Potvin and Milne (1992) introduced a "cable bolting " line and gave cable support

recommendations. They proposed design charts for cable boIt density and cable boit

length. For cable boit density the key empirical parameter is (RQD/J .. )IHR and for

cable boit length the key parameter is the hydraulic radius ( Lensth = 1.5 x BR)

(Figure 3.6).

Stewart and Forsyth (1993) proposed the updated Mathew's stability graph method

with new data points from open stoping mines. It has four zones: potentially stable,

potentially unstable, potentially major collapse and potentially caving. Hadgigeorgiou

et al. (1995) augmented the database with new case offootwall instability.

The Stability Graph method is very widely used in Canadian mines but it has some

limitations because it doesn't take into account sorne important parameters like mining

induced stresses over the stope race considered (only the point at the centre is

considered for the evaluation ofstability). Othees limitations are observed in the use of

the method for stope and support design: corners design, intersections design, discrete

wedges, delamination zones and discrete shear structures design.
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Figure 3.6: Empirical estimate ofrequired cable boit density

(after Potvin and Milne, 1992)
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3.3 AnalyticallDethods

Farmer (1975) developed an analytical model for rock anchors by assuming that the

host rock is rigid and condueted pull out tests of rock anchors using concrete,

Iimestone and chalk as host medium. He concluded that if boundary conditions were

satisfied, then the shear distribution a10ng the embedded length was non linear for

hard rock prior to tendon yielding. St.John and Van Dillen (1983) developed a new

one-dimensional element allowing yielding ooly at the bolt-grout interface. This one­

dimensional element cao be incorporated as a rock boit in any general purpose, non­

linear finite element computer code suitable for rock modelling. The limitation of this

element is that it does not consider any radial stress around the borehole and, no

consideration was given ta the dilatancy of the interface. Other analytical models

were developed for rock bolts (Aydan et al. 1985; Peng and Guo, 1992). For cable

bolts, two analytical models were developed during the recent years: GRC-Cable bond

strength model and CABLE Madel.

3.3.1 GRC-Cable bond strength Madel (Yazici and Kaiser, 1992)

The GRC cable bond strength was developed to determine the capacity of fully

grouted bolts and cables. It predicts the load at which radial grout cracking initiates;

whether stable or unstable splitting of the grout occurs; and the ultimate bond strength

at a point alang a cable. The theory behind the bond strength model has been tested

against laboratory studies at Laurentian University and cable boit pull-out test data

produced by Queen' s University (Reichert et al., 1992). Thick cylinder equations

(Obert and Duvall, 1967; Popov, 1978) are used ta simulate the combined cable-grout­

rock system.The rock is approximated by a cylinder ofinfinite outer radius. The model

invotves four main components: axial and tateral disptacements, pressure at bolt-graut

interface and bond strength (Figure 3.7).
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• • The first quadrant shows the variation ofbond strength '[ with axial displacement.

• The second quadrant relates the pressure Plat the boit-grout interface to the bond

strength using the equation:

• The third quadrant shows the relation between axial and lateral displacements:

where '[ = shear or bond strength.

cr = radial stress at the bolt-grout interface.

~ = friction angle between the boit and grout.

i 0 = apparent dilation angle.

~ = reduetion coefficient ofdilation angle ( ~=O.2S, Ladanyi and

Dominique, 1980).

cr Iim = limiting stress, cr Iim = crq and cr q = compressive strength ofgrout.

• U/Ql= U. tan i (3.7)

•

where

U lat = lateral displacement at the bolt-grout interface.

u dlf = axial displacement ofthe boit.

• The fourth quadrant shows the relation between lateraI displacement and the

interface pressure Pl. In the BSM model the grout is elastic, fully or partially split

with an elastic portion.

The bond strength model explains the development of the bond strength at the bolt­

grout interface ofgrouted bolts and cables. Several factors influence the bond strength

of cables but the effect of stress change is very important. Mioing induced stress

change is one of the most important parameters controlling the cable bond strength.

Stress increases confine the grout and increase the bolt-grout interface pressure,



• whereas stress decreases reduce the interface pressure and the bond strengtb. The

model is limited in its application to a single cable ofthe standard type because it also

doesn't take into account the length of cables and the interaction between the rock

mass and cables, all ofwhich are important aspects for design purposes.

•

Bond strength 't

Ultimatc bond

-----~~-------------

Axial displacement U al(

Ultimarc lateral displaccment

Radial displacement U r

Rock--

' ..•.•. ····,1 M'-sIopo dulîc ......

" -
\ -
\ """,

\ ~ ..........

\V M"-slope split grout ....

mpinc:al~OD limit
\

't =Pl tan (++i)
+: bolt-grout friction angle

i: dilation angle

•
Figure 3.7: Bond Strength Model (BSM) (after Yazici and Kaiser, 1992)
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3.3.2 CABLE model

Using experimental results with a modified Hoek œil, Hyett et al. (1995) developed a

metional-ditational model for cable boit failure. This model was developed using the

approach adopted for rock joints by Goodman and Boyle(1983) and Saeb and Amadei

(1985), the mechanical response ofany rough interface to shear loading depends most

critically on the surface morphology, the strength of the irreguIarities and the

boundary conditions applied normal to the surface. The graphical model is sirnilar to

that presented by Yazici and Kaiser (1992) for cable bolts.

The graphical model (Figure 3.8) represents the variation of axial load and radial

displacement with axial displacement and confining pressure. An analysis of the

cable-grout interface was done. Load distribution along one cable boit was

investigated both analytically and numerically (Figure 3.9). Ail the data were

implemented into a software prosram called CABLE (Computer Aided Boit Load

Estimation). This program is designed for one cable only and for field situations

involving a group of cables with interaction with rock masses the model needs to be

implemented into numerical models, such as tinite element, finite difference or

discrete element computer programs
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Figure 3.8: CABLE Model (after Hyett et al., 1995)
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Figure 3.9: Analytical solutions for axial displacement and axialload for a boit with

two free ends (after Hyett et al. 1996)
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3.4 Numerical modeiliDI

The development of numerical models for mining engineering applications has been

increasing during the recent years in order ta help prediet the stability ofunderground

openings. Today, numerical modelling has became an indisPensable engineering tool

for ground control and mine planning. Initially, the finite element method was used_

Later, boundary and distinct element methods for modelling jointed rock masses were

adopted. Table 3.2 shows the advantages and disadvantages ofeach method.

Table 3.2: Advantages and disadvantages ofnumerical methods

(after Hoek et al., 1991)
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Hollingshead (1971) modelied rock bolts using finite element technique as three

phase material systems (steel tendon, grout and hast rock). He used an elastic­

perfectly plastic analysis assuming each ofthe three rnaterials ta yield according to the

Tresca yield criteria. Yap and Rodger (1984) used finite element technique ta evaluate

the mechanism of the transfer of load in the pull out tests of fully grouted tendons.

Other finite element models (Wang and Garga, 1992; Macence and swoboda, 1995)

and finite difference models (Brady and Lorig, 1988) were developed for numerical

modelling of roek anehors. Most of the work done in numerical modelling of rock

anchors is limited ta the behaviour of fully grouted rebars. The mechanism of 7-wire

or cable has not been exelusively analyzed and it is not differentiated nom the rock

boit.

3.3.1 FLAC and UDEC

FLAC (Fast Lagrangian Analysis of Continua) is a commercially available finite

difference program for modelling soil and rock behaviour which is developed by

Itasca Ltd. It has a large range of applications to geomechanical problems (Cundall et

al. 1988). Using the concept of one-dimensional element of St. lohn and Van Dillen

(1983), Itasca incorporated a rock boit element in their finite difference software. Tan

(1993) in bis Ph.D thesis developed a new cable boit load displacement relationship

and implemented tbis into FLAC. Equations for two critical cable boit loads -the

Iinear elastic limit load and the ultimate bond load - are given. The load ­

displacement for the standard cable bolts is derived based on these loads and analysis

ofdisplacement (Tan et al. 1993). The latest version ofFLAC is FLAC 3D Version 2.0.

UDEC (Universal Distinct Element Code) is a commercially available distinct element

program for geomechanical analysis in which the performance of the rock mass may

be dominated by discontinuities (joints, faults, bedding planes). Since 1983, Itasca has

completed a number of modifications to the code which expand its range of

applicability and the last version is UDEC version 3.0. UDEC has the capability ta

3-20



•

•

•

model cable bolts and as for FLAC Tan (1993) implemented a cable boit load

displacement relationship.

3.3.2 Phase2

Phase2 is a two dimensional finite element program for calculating stresses and

displacements around underground or surface excavations. It was developed in the

Department of Civil Engineering at the University of Toronto and is currendy

marketed by Rocscience Inc. It has the ability ta model underground openings with

rock support. The analytical model developed by Hyett (1996) was implemented in

the program for the detennination of the load distn'bution a10ng one boit. The

limitation of the modelling technique is that bolts are simulated as bar elements

passing through triangular elements which simulate the rock mass and this doesn't

take into account the shear bond charaeteristics along the cable, which is an important

factor for the simulation of cable bolts. Other parameters such as the type of cables

and the induced stresses are not accounted for.

3.3.3 e-z tools

The software was developed at McGiIl University by the numerical modelling group

(Mitri, 1993) for 2-dimensional stress and stability analysis of sureace and

underground excavations in rock and sail materials. It uses a linear elastic finite

element model. The model predicts stresses, displacements and safety factors around

excavations.

A simplified cable support finite element was fonnulated to simulate bolts. The cable

element fonnulation is based on the assumption that the grouting material can he

idealized by a continuous Winkler-type spring ronning parallel to the cable and

conneeting the cable surface ta the borehole wall.
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The limitations of the model is that it doesn't take into account tensioning and

anchoring nor does it account for the effeet of different types of cables other than

standard.

Figure 3.10: Modelling ofbolts in e-z tools

3.5 Summary

The MOst commonly used design methods for cable bolts are the empirical methods,

which are based on rock mass classification. They include the RMR. system and the Q

system. More recently, the Stability Graph Method for open stope design was

proposed by Mathews et al. (1981) and subsequently modified by Potvin (1988). The

Modified Stability Graph is quite popular in Canadian bard rock mines. Although, the
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use of analytical models and numerical model has been increasingly popular in recent

years, no particular method has been suggested for the design ofcable bolu.
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CHAPTER 4

EMPIRICAL MODEL FOR 'rHE

SHEAR BOND STIFFNESS OF CABLE BOLTS

4.1 Introduction

The load transfer in cablebolting from the cable boit and the rock mass and vice versa

is done through the grout column. The axial force in the cable i~ transmitted 10 the

grout by the shear bond stress. It is necessary to understand the process by which the

load is transferred from the rock mass ta the cable via the shear resistance at the

cable-grout interface. Bond stress may be defined as the shear per unit length, which

aets parallel ta the cable axis at the grout-cable interface.

Generally pull-out tests are used in the laboratory or in the field ta detennine the

cable boit bond stren8tit (Stillborg, 1984; Bawden et al. 1992), see Figure 4.18. From

the load-slip curve ofFigure 4.lb, the bond stitTness, K, of the cable boit at its loaded

en~ in the prepeak range cao be obtained by assuming that the behaviour is linear

elastic. Thus, K=P/S, where P is the applied load, and S is the corresponding tip

displacement, and should have the units MN/m. The cable axial load and the slip

distributions are shown in Figures 4.lc and 4.1d respectively. As cao he seen, the axial

load is transferred ta the test cylinder through the grout malerial by shear bond action.

The distribution ofshear bond stress along the cable boit is shown in Figure 4.1e. This

load transfer mechanism has been previously explained by several other authors for

bond in concrete (Gambarova, 1982; Tognon, 1982) and for cable bolts (Kaiser, 1992;

Hyett, 1995).



• As will be seen later, the numerical model defines the cable-rock interface by a

Winkler shear spring. The stiffitess of such spring, k, is detined per unit length of the

cable i.e. (MN/m)/m length. For this reason, the following expression is used to

calculate le:

P K
k=--=-

S.M.. M..
( 4.1)

•

•

where le: shear bond stitTness perunit length ofthe cable (MN/m/m)

P: Joad (MN)

s: slip (m)

&: short length ofthe grouted cable (m)

K: bond stiffness (MN/m)

Cables behave like a maional support system and cohesive or adhesive strength

companents due to chemica1 bonding have been traditionally neglected because they

are not mobilized simultaneously with the fiiction components (Yaziei and Kaiser,

1992; Stillborg, 1984).

Many analytical models have been developed to simulate the eifect ofthe bond stress

as was mentioned in chapter 3 (Bond Strengtb Madel, CABLE model) but they have

their own limitations.

4-2



•

•

Grouted cabl--+-----.

LoadP

a)

AL

LoadP

AL

Dl

p

Slip S

S Slip

b)

Shear bond stress 't

c)

k= P
S.AL

d) e)

•
Figure 4.1: Definition of shear bond stiffitess per unit length k ftom pull-out tests
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4.2 Compilation ofdata

Laboratory pull-out tests (Figure 4.2) and field pull-out tests (Figure 4.3) have been

performed with varying cable boit geometry, grout type, host medium and confining

stress, in order ta examine the effect of these parameters on the behaviour of cable

bolts.

Rajaie(1990) carried out a series of laboratory pull out tests on standard cable bolts

for his Ph.D thesis at McGiIl University. Conventional grout and grout aggregate

mixture were used with different embedment lengths. The host rock was modeled

with concrete blacks.

Goris (1990) for the U.S.Bureau of Mines used conventional single cable, double

cable and birdcage cables for laboratory pull out tests with steel pipes as confining

medium. Water cement ratio (w:c) varied trom 0.3 to 0.45 and the embedment

length trom 0.2 to 0.75 m.

Reichert (1992) conducted a laboratory and field research program in his thesis at

Queen's University ta determine the major factors influencing bond capacity of

grouted cable bolts. Standard cable bolts were used. In the laboratory 'Split-pipe' tests

were conducted using PVC, aluminum and steel pipes to provide radial confinement,

and field tests were chosen in granite, Iimestone and shale rock masses. A normal

(type ID) Portland cement grout was used. Water-cement ratio varied from 0.3 to 0.5

and embedment length trom 0.25 m ta 0.5 m.

Bawden and Hyett (1992) condueted a field cable boit pull test program at Bousquet

mine (Val-d'Or, Québec). Standard, birdcage and nutcase cable bolu were used in

schist and ryolite medium.
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Figure 4.2: Laboratory pull test set-up (Hyett et al., 1995)



•
---~!I~"fl-- DywDaJll*IIIllMIHoDowbdœl1

•

LVDT•

...~--HaU...__

...;.......--ID:h~..
(CDI'd....tly lbIeedDcI)

•

.....- CemealpMt

CaIlle witbia PVC.... far
p..-- coa.·III_~

Figure 4.3: The field pull test apparatus (Bawden et al., 1992)



•

•

•

McSporran (1992) at Queens University used the conventional cable boit and a series

of pull out tests was perfonned under constant radial confinement in a pressure vessel

to simulate the etrect ofconfining pressure on the cable boit capacity using steel pipes

as canfining medium.

Khan (1995) for his Ph.D thesis at McGiIl University condueted laboratory pull-out

tests on conventional cable bolts and composite material tendons. For cable bolts,

high strength cement grout, shotcrete grout and conventional grout were used with

variation of stiffness and stress, water cement ratio, embedment length and rate of

displacement.

Moossavi (1997) for bis Ph.D thesis at Queen's University continued the work of

McSporran (1993) with modified geometry cable bolts (Garford bulb and nutcase).

A new modified Hoek cell was designed and pull out tests under different confining

pressure were condueted.

A compilation of data has been done by the author using all the results collected and

integrated in a database using Microsoft Access (see Appendix). Data are shown for

each type of cable in Tables 4.1, 4.2, 4.3 and 4.4. Conventional cement grout is

considered with water:cement ratio varYing trom 0.3 ta O.S. The effects of three

parameters on the shear bond stiffness are analyzed. They are:

• Type ofcable.

• Modulus ofelasticity ofhost medium.

• Confining pressure.
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4.3 Facton inOuencing shear bond stifrne5s

The effect of host medium and confining pressure after installation are shown in

Figures 4.4 to 4.13 for each type ofcable.

4.3.1 Modulus ofelasticity ofhost medium

The rock mass itself exerts a major influence on the capacity ofcable bolts through the

modulus ofelasticity ofhost medium.

4.3.1.1 Standard cable

Figures 4.4 and 4.S show the efTeet ofthis parameter on the shear bond stiffiless k. The

shear bond stiffness increases linearly with the modulus of elasticity of the host

medium. When the confining stress (Ao) increases the shear bond stiffitess increases

(Figure 4.4) and it appears from the comparison of Figures 4.4 and 4.S that when the

water cement ratio decreases the shear bond stiffiless increases.

rn 350faé E 300 • • Aa=IS
'fl E 250

• Ao=10
"0 ~ 200 •5 150 a A Ao=5
.D -- 100 + +i ~ 50 ~ ••+

+ + t.\cJ=O
r;j 0

0 50 100 150 200 250

Modulus ofelasticity E (OPa)

Figure 4.4: EfTect ofmodulus ofelasticity (E) ofhost medium on the shear bond

stiffness ( standard cable, w:c = 0.3)
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Figure 4.5: Effect of modulus ofelasticity (E) ofhast medium on the shear bond

stiffitess (standard cable, w:c = 0.4)

4.3.1.2 Moditied cable geometries

Figures 4.6, 4.7 and 4.8 show the variation of the shear bond stiffiless k with the rock

modulus for the birdcage cables, the nutcase cables and the garford bulb cable. The

shear bond stiffness varies linearly with the modulus of elasticity and is higher than

for the conventional cable bolts. Nutcase cables (Figure 4.9) show higher shear bond

stiffness than for garford bulb cables and birdcage cables for the same values of the

modulus ofelasticity.
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Figure 4.7: Effect of modulus ofelasticity ofhost medium on the shear bond stitlhess

(nutcase cable, w:c =0.4)
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Figure 4.8: Effect ofmodulus ofelasticity ofhost medium on the shear bond stiffitess

(garford bulb cable, w:c = 0.4)
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4.3.2 CQnfining pressure

Mining induced stress change in the field is one of the mQst impQrtant factors which

cao lead ta cable faiture. A stress decrease in a direction radial tQ the cable bQlt hQle

will result in a decrease in cable capacity and cao lead tQ a cable failure (Kaiser et al.,

1992). Stress change May cause a change in the rock mass modulus due to the stress

dependent stiffness orthe rockjoints and microftactures (Bandis et al., 1983).

4.3.2.1 Standard cable bolts

McSpooran (1993) for conventional cable bolts used a Modified HQek cell tQ simulate

tms efl'ect in the labQratory. Figures 4.9,4.10 and 4.11 shQW the variatiQn Qfthe shear

bond stiffness with the confining pressure for a water cement ratio of0.3, 0.4 and O.S.

From the figures, the shear bQnd stiffness varies linearly with variation Qf confining

pressure. As for the modulus of elasticity Qf hQst medium, when the water : cement

ratio increases the shear bond stifthess decreases. FQr a water cement ratio of 0.3

(Figure 4.9) the values are higher than for a water:cement ratio of0.4 and O.S (Figures

4.10 and 4.11).
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•
4.3.2.2 Moditied cable geometries

As shawn for conventional cable bolts, variation of canfining pressure is a critical

parameter in the design ofcable bolts. For modified cable geometries the simulation of

variation ofconfining stress in the laboratory was done by Moossavi (1997).

Figures 4.12 and 4.13 show the effeet ofconfining stress on the shear bond stiffness k

for garford bulb and nutcase cable bolts. The shear bond stiffness increases linearly

with the confining pressure until a certain value of the pressure and then becomes

constant. The mobilized load in the cable increases linearly with confining pressure

ta reach a constant value at higher pressures. In comparison with conventional cable

bolts, modified cable geometries are less sensitive for stress change than the standard

cable bolts.

• 4-14



• 400
fn 350

~ E 300 • •
if ] 250· • • •-g ~ 200
.8 ~ 150 . •
5~ 100 •
.c

50VJ

0
0 5 10 15 20 25 30 35

Confining stress (MPa)

Figure 4.12: Effect ofconfining stress on the shear bond stifthess

(garford bulb cable, w:c=O.4)
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Figure 4.13: Effect ofcantining stress on the shear bond stiffitess

(nutcase cable, w:c=O.4)
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4.4 Empirical model

As shown before, the shear bond stiffitess is a funetion of type of cable, modulus of

elasticity, variation ofthe confining pressure and water:cement ratio, i.e.

k = f{Aa). f{E). f{w:c) (4.2)

k = 10 when the variation ofconfining pressure is equal to zero (âa=O MPa).

4.4.1 Variation ofshear bond stiffness with modulus ofelasticity

From Figures 4.4, 4.5 and 4.6 the empirical relations between the shear bond stifthess

and the modulus ofelasticity ofhast medium were established for a confining pressure

equal to zero using the database and statistical analysis. The shear bond stifthess

varies Iinearly with the modulus ofelasticity .

ko=aoE+bo

Where:

(4.3)

•

ko: shear bond stiffness for Âa=O (MN/mlm).

ao and bo: coefficients depending on cable geometIy and water:cement ratio.

E: Modulus ofelasticity ofhost medium (GPa).
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4.4.1.1 Standard cable bolts

Figures 4.14 and 4.15 show the variation of shear bond stifthess ko with the modulus

of elasticity with water:cement ratios w:c=O.3 and w:c=O.4. The correlation factor is

R2=O.43 for w:c=O.3 and R2= 0.64 for w:c=O.4. Empirical relations established using

regression analysis are:

ko = 0.22 E + 59.03 w:c = 0.3, 0 ~ E ~ 200 GPa (4.4)

ko= 0.24E+41.12 w:c=0.4, 0~E~200GPa (4.5)

From the empirical relations the shear bond stiffness increases when water:cement

ratio decreases.

4.4.1.2 Birdcage cable

Figure 4.16 shows the variation of shear bond stifthess ka with the modulus of

elasticity with a water:cement ratio w:c=O.3S. The correlation factor is R2=O.98. A

good correlation was found and the empirical relation is:

ko= 0.83 E + 32.58 w:c = 0.35, 0 ~ E s 200 GPa (4.6)

•

The shear bond stitTness ko when the variation ofconfining pressure is equal to zero is

higher for birdcage cable bolts than for standard cable bolts.
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Figure 4.14: Variation ofshear bond stiffness with modulus ofelasticity

(standard cable, w:c=O.3, 40=0)
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Figure 4.1 S: Variation ofshear bond stiffitess with modulus ofelasticity

(standard cable, w:c=O.4, 40=0)
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• Figure 4.16: Variation ofshear bond stiffitess with modulus ofelasticity

(birdcage cable, w:c=O.3S, Aa=O)
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• 4.4.2 Variation ofshear bond stiffness with confining Pressure

From Figures 4.9, 4.10,4.11, 4.12 and 4.13, the empirical relations between the shear

bond stiffness and the variation of confining pressure were established by the author

for 3 types of cable bolts (standard cable, nutcase cable and garford bulb cable) using

the database and statistical analysis.

The shear bond stiffness varies linearly with canfining pressure:

k=aAO'+b

Where:

(4.7)

•

•

le: shear bond stiflhess (MN/mlm )

a and b: coefficients depending on cable geometry and water:cement ratio

AO': variation ofcanfining pressure (MPa)

4.4.2.1 Standard cable bolts

For standard cable bolts, Figure 4.17 shows the variation ofshear bond stiflhess kwith

confining pressure for different water:cement ratios (w:c=O.3·0.S).
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Figure 4.17: Variation ofshear bond stiffness with confining pressure

(standard cable)

An empirical relation from the data was established using statistical analysis. The

correlation coefficient using regression analysis is R2 = 0.924. A good correlation

was round with coefficients "a" (slope) = 12.31 and lib" (intercept) =63.7. Thus,

k =12.31Au +63.7 O<ÂGS 15 MPa, 0 sEs 200 GPa (4.8)
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• 4.4.2.2 Garford bulb cable

From the Figure 4.18, an empirical relation was established for garford bulb cables.

The correlation coefficient is R2 = 0.893 and coefficients "a" and "b" are: a = 5.74 and

b = 175. For values higher than 20 MPa the shear bond stiflhess is constant.

Confining stress (MPa)

3025201510

400 ........----------------.
~ 350
ë e 300
·i E 250
~ ~ 200
.8 6 150
iJ..:.e 100 •
~ 50

O-+---...----,.--~--.,......----r--.......
a 5

•
Figure 4.18: Variation ofshear bond stiffness with confining pressure

(garford bulb cable)

k = 5.74Au+165

k = 280 MN/m/m

0<AO'<20 MPa , E= 200 GPa, w:c=O.4

AO'~O MPa, E= 200 GPa, w:c=O.4

(4.9)
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• 4.4.2.3 Nutcase cable

Figure 4.19 shows the variation between the shear bond stiffness and confining

pressure for nutcase cable bolts. The correlation coefficient is R2 = 0.957.

Coefficients "a" and "b" are equal to: a=5.74 and b=202.5. For values higher than 20

MPa the shear bond stiffness is constant.
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•
Figure 4.19: Variation ofshear bond stiffness with cantioing pressure

(nutcase cable)

k == 5.74Aa + 202.5 O<Aa<20 MPa, E= 200 OPa, w:c=O.4

k= 317 MN/mlm Ac:r~ 20 MPa, E=200 GPa, w:c=O.4

•

(4.10)
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Figure 4.20 shows a comparison for the three types ofcable bolts. The shear bond

stifthess for modified cable geometries is higher than for standard cable bolts.
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Figure 4.20: Variation ofshear bond stitTness with conflning pressure for different

types ofcable bolts

4.4 Summary

The compilation ofdata for the empirical model was carried out using laboratory tests

with ail uncertainties and errors resulting from the laboratory testing.

As Many parameters affect the design ofcable bolts, the empirical model is sensitive

to the type of cable geometry, host medium stÎffiless and variation of cantining

pressure. Water cement ratio of the cement graut varied from 0.3 ta 0.5 for standard

cable bolts. For nutcase and garford bulb cables the water:cement ratio was kept

constant (w:c= 0.4).
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It should be noted that the model is limited only for three types of cables (standard,

garford bulb, nutcase). Another limitation of the model is that only steel pipes were

used to simulate the host medium in the laboratory pull-outs test using modified Hoek

cell and the effect of variation of confining pressure. OnIy the reported values of the

modulus of elasticity of the host medium were used. No statistical variation of this

data was found. More data are needed to extend the range of validity of the database

and to include the effect of resin grout and new types of cable bolts under different

confining pressures.

4-2S



•

•

•

Table 4.1: Data for shear bond stiffness (standard cable bolts)

Water:cement Host medium Modulus of Confining Calculated
ratio (w:c) elasticity pressure shear bond

E {GPa} Âcr{MPa) stiffness
k(MN/mlm}

0.3 Steel 200.0 0 101.0
0.3 Aluminum 72.0 0 80.0
0.3 PVC 3.0 0 32.4
0.3 Granite 23.3 0 96.0
0.3 Limestone 32.3 0 37.32
0.3 Shale 13.5 0 41.68
0.4 Steel 200.0 0 79.8
0.4 PVC 3.0 0 30.8
0.5 Steel 200.0 0 64.6
0.5 PVC 3.0 0 27.0
0.4 Granite 23.0 0 82.8
0.4 Shale 14.0 0 71.2
0.4 Limestone 32.0 0 72.0
0.5 Granite 23.0 0 59.2
0.5 Shale 14.0 0 66.8
0.5 Limestone 32.0 0 87.6
0.3 Granite 23.0 0 60.0
0.3 Shale 14.0 0 36.3
0.3 Granite 23.0 0 54.4
0.3 Shale 13.5 0 34.0

0.35 Schist 14.9 0 86.8
0.35 Schist 14.9 0 86.8
0.35 Schist 14.9 0 86.8
0.35 Schist 14.9 0 86.8
0.35 Schist 14.9 0 86.8
0.35 Ryolite 10.6 0 58.8
0.35 Ryolite 10.6 0 58.8
0.35 Ryolite 10.6 0 58.8
0.35 Rvolite 10.6 0 58.8
0.35 Ryolite 10.6 0 58.8
0.35 Rvolite 10.6 0 58.8
0.45 Steel 200.0 0 8.33
0.45 Steel 200.0 0 16.67
0.45 Steel 200.0 0 116.65
0.45 Steel 200.0 0 104.96
0.45 Steel 200.0 0 110.17
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Table 4.1: Data for shear bond stiffness (standard cable bolts)

0.45 Steel 200.0 0 97.2
0.45 Steel 200.0 0 97.25
0.45 Steel 200.0 0 105.6
0.45 Steel 200.0 0 108.8
0.45 Steel 200.0 0 96.9
0.45 Steel 200.0 0 99.2
0.45 Steel 200.0 0 95.45
0.45 Steel 200.0 0 97.5
0.45 Steel 200.0 0 89.8
0.30 Steel 200.0 0 65.88
0.35 Steel 200.0 0 62.12
0.40 Steel 200.0 0 21.6
0.45 Steel 200.0 0 13.96
0.40 Concrete 12.0 0 33.3
0.40 Concrete 12.0 0 40.6
0.40 Concrete 12.0 0 35.4
0.40 Concrete 12.0 0 34.4
0.40 Concrete 12.0 0 33.3
0.40 Concrete 12.0 0 30.8
0.40 Concrete 12.0 0 30.7
0.30 Steel 200.0 1.0 80.48
0.30 Steel 200.0 1.0 80.48
0.30 Steel 200.0 1.0 SO.48
0.30 Steel 200.0 3.0 SO.12
0.30 Steel 200.0 3.0 SO.12
0.30 Steel 200.0 3.0 SO.12
0.30 Steel 200.0 3.0 80.12
0.30 Steel 200.0 3.0 SO.12
0.30 Steel 200.0 5.0 144.8
0.30 Steel 200.0 5.0 144.8
0.30 Steel 200.0 5.0 144.8
0.30 Steel 200.0 10.0 193.2
0.30 Steel 200.0 10.0 193.2
0.30 Steel 200.0 10.0 193.2
0.30 Steel 200.0 15.0 265.6
0.30 Steel 200.0 15.0 265.6
0.30 Steel 200.0 15.0 265.6
0.30 Steel 200.0 15.0 265.6
0.4 Steel 200.0 2.0 96.56
0.4 Steel 200.0 2.0 96.56
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Table 4.1: Data for shear bond stiffness (standard cable bolts)

0.4 Steel 200.0 5.0 144.8
0.4 Steel 200.0 5.0 144.8
0.4 Steel 200.0 5.0 144.8
0.4 Steel 200.0 10.0 185.12
0.4 Steel 200.0 10.0 185.12
0.4 Steel 200.0 10.0 185.12

0.4 Steel 200.0 10.0 185.12
0.4 Steel 200.0 15.0 241.4
0.4 Steel 200.0 15.0 241.4
0.4 Steel 200.0 15.0 241.4
0.5 Steel 200.0 2.0 64.4
0.5 Steel 200.0 2.0 64.4
0.5 Steel 200.0 2.0 64.4
0.5 Steel 200.0 5.0 112.16
0.5 Steel 200.0 5.0 112.16
0.5 Steel 200.0 5.0 112.16
0.5 Steel 200.0 5.0 112.16
0.5 Steel 200.0 10.0 165.6
0.5 Steel 200.0 10.0 165.6
0.5 Steel 200.0 10.0 165.6
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Table 4.2: Data for shear bond stiffness (nutcase cable bollS)

Water:cement Confining Modulus of Confining Calculated
ratio (w:c) medium elasticity pressure shear bond

E (GPa) &a(MPa) stiffness
k(MN/mlm)

0.35 Schist 14.9 0 50.0
0.35 Schist 14.9 0 50.0
0.35 Schist 14.9 0 50.0
0.35 Schist 14.9 0 50.0
0.35 Ryolite 10.6 0 37.50
0.35 Ryolite 10.6 0 37.50
0.35 Ryolite 10.6 0 37.50
0.35 Ryolite 10.6 0 37.50
0.35 Ryolite 10.6 0 54.20
0.35 Ryolite 10.6 0 54.20
0.35 Ryolite 10.6 0 54.20
0.40 Steel 200.0 2.0 226.0
0.40 Steel 200.0 2.0 226.0
0.40 Steel 200.0 2.0 226.0
0.40 Steel 200.0 2.0 226.0
0.40 Steel 200.0 5.0 211.7
0.40 Steel 200.0 5.0 211.7
0.40 Steel 200.0 5.0 211.7
0.40 Steel 200.0 5.0 211.7
0.40 Steel 200.0 10.0 261.7
0.40 Steel 200.0 10.0 261.7
0.40 Steel 200.0 10.0 261.7
0.40 Steel 200.0 10.0 261.7
0.40 Steel 200.0 15.0 297.7
0.40 Steel 200.0 15.0 297.7
0.40 Steel 200.0 15.0 297.7
0.40 Steel 200.0 15.0 297.7
0.40 Steel 200.0 20.0 311.5
0.40 Steel 200.0 20.0 311.5
0.40 Steel 200.0 20.0 311.5
0.40 Steel 200.0 20.0 311.5
0.40 Steel 200.0 30.0 291.3
0.40 Steel 200.0 30.0 291.3
0.40 Steel 200.0 30.0 291.3
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Table 4.3: Data for shear bond stiffness (garford bulb cable bolts)

Water:cement Confining Modulus of Confining Calculated shear
ratio (w:c) medium elasticity pressure bond stiffness

E (GPa) âa(MPa) k(MNlmlm)
0.40 Steel 200.0 2.0 183.7
0.40 Steel 200.0 2.0 115.7
0.40 Steel 200.0 2.0 183.7
0.40 Steel 200.0 2.0 183.7
0.40 Steel 200.0 5.0 205.3
0.40 Steel 200.0 5.0 205.3
0.40 Steel 200.0 5.0 205.3
0.40 Steel 200.0 5.0 205.3
0.40 Steel 200.0 10.0 224.0
0.40 Steel 200.0 10.0 224.0
0.40 Steel 200.0 10.0 224.0
0.40 Steel 200.0 10.0 224.0
0.40 Steel 200.0 15.0 230.0
0.40 Steel 200.0 15.0 230.0
0.40 Steel 200.0 15.0 230.0
0.40 Steel 200.0 15.0 230.0
0.40 Steel 200.0 20.0 291.3
0.40 Steel 200.0 20.0 291.3
0.40 Steel 200.0 20.0 291.3
0.40 Steel 200.0 20.0 291.3
0.40 Steel 200.0 30.0 291.3
0.40 Steel 200.0 30.0 291.3
0.40 Steel 200.0 30.0 291.3
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• Table 4.4: Data for shear bond stiffness (birdcage cable bolts)

•

•

Water:cement Confining Modulus of Confining Calculated
ratio (w:c) medium elasticity pressure shearbond

E(OPa) âO'(MPa) stiffness
k(MN/mlm)

0.45 Steel 200.0 0 220.8
0.45 Steel 200.0 0 175.0
0.35 Ryolite 10.6 0 27.8
0.35 Ryolite 10.6 0 27.8
0.35 Ryolite 10.6 0 38.7
0.35 Rvolite 10.6 0 38.7
0.35 Rvolite 10.6 0 38.7
0.35 Schist 14.9 0 54.3
0.35 Schist 14.9 0 54.3
0.35 Schist 14.9 0 54.3
0.35 Schist 14.9 0 54.3
0.35 Schist 14.9 0 43.3
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CRAPTERS
FINITE ELEMENT MODEL

5.1lDtroductioD

With the rapid advancement ofcomputer hardware technology in the last two decades,

the use of numerical modelling software as a design tool in geotechnical engineering

has become both affordable and popular. Methods like finite elements, boundary

elements and distinct elements have ail been used extensively in the design and

analysis of geotechnical structures. Numerical methods have certain advantages over

other methods; notably they will account for the complex geometry of an excavation,

the deformation properties ofthe rock and the presence in situ (virgin) stresses.

A number of numerical models were developed especially for the simulation of

rockbolts and cable bolts such as those reported by Mitri (1990), Wang (1992), Peng

(1992) and Tan (1993). This chapter presents a specialized finite element modelling

technique developed to simulate the mechanical behaviour ofcable bolts performance.

The technique is implemented in a finite element code (e-z taols) developed at McGill

University.
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•
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S.l Model assumptions

The cable boit formulation presented here employs the following assumptions:

• A cable boit cao be represented by any numher of 2-node bar elements. The cross

sectional area and modulus of elasticity of the bar element are those of cable

material (Figure 5.1).

• H the cable boit is partially or fully grouted~ the bonding effect of the grout as weil

as the shear slip occurring at the rock-grout and grout-eable interfaces cao he

represented by continuous shear springs acting along the anchor length. The

stiffness of those springs~ k~ represents the shear bond stiffness Per unit length of

the grouted cable boit as defined in chapter 4.

• The bar element representing the cable boit is connected to quadrilateral

isoparametric elements representing the host rock via the shear springs ; see Figure

5.1.

• Based on this formulation~ only the axial load exerted on the cable boit is

considered. Bending load that may develop a10ng a fully grouted cable boIt is not

accounted for.
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1,2,3,4 : local degrees of freedom
Lbl,i,~Q. : global degrees of freedom
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Figure 5.1: Geometry and degrees of freedom of a cable element
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5.2 Finite element formulation

5.2.1 Equations

The 4-node quadrilateral. isoparametric element is used to represent the rock domain.

The stiffness matrix K is given by:

(5.1)

Where B is the strain-displacement matrix, and D is the stress-strain elasticity matrix.

In rock mechanics problems, the load vector Fis generally defined as follows.

•
Where.

V =element volume

GO =initial stress vector

N =the shape function matrix

'Y = unit weight of the rock

(5.2)

Details of the above mentioned equations can he found in textbooks on finite

elements (Cook, 1995; Pande et al., 1990).

For the new cable element. the total stiffness matrix kc is obtained by adding up the

stiffness contributions from the bar element kb and the shear springs kc. Thus.

(5.3)
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• Where,

(5.4)

•

•

ln the above, Ec is the modulus of elasticity of the cable, Ac is its cross sectional area,

and l is the element length.

The shear spring stiffness, ks, is assumed to vary linearly a10ng the anchor element.

This variation can he expressed in tenns of the nodal values ki and kj as follows.

k.F (1- Ç)k, + k J (5.5)

Where 0 S ç= x/l S 1

ki and kj : stiffness of continuous spring at nodes i and j respectively

Likewise, the spring displacement, Us, can be expressed in terms of the nodal values as

U s =(1- Ç)u" +u'J (5.6)

The shear spring stiffness rnatrix is calculated from the strain energy stored in the

shear springs of stiffness, les over the element length, 1, as follows.

l 1 .,

Us =-:;-Jksu;d' (5.7)
-0
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• The stiffness matrix of the spring element is:

(5-8)

•

•

After integration the resuiting spring element stiffness matrix is:

3k, +k
J

-3k -k -k -k kj +k j, 1 1 1

1 3k j + k J k +k. -k. -k.
k=- ' J , J (5.9)

~ 12 k. +3k. -k. -3k, J ' 1

symmetric k; +3k j

The total stiffness matrix of a cable element~ ke
~ is obtained from the aIgebraic addition

of its two components: the spring element stiffness matrix and the truss element

stiffness matrix.

The spring stiffness k is measured as the shear force per unit length of the boit causing

unit displacement and this information is derived from the load-slip curves obtained

by means of laboratory or field pull-out tests as reported in chapter 4.

The above equation represents the local stiffness of the cable element. To transform

this to global coordinates, we use the transformation matrix T:

[K8] = [T]T. [kcl . [Tl (5.10)

where:

[~] = stiffness matrix of the cable element in global coordinates.

[kcl = stiffness matrix of the cable element in local coordinates.

[T] = transformation matrix from the local to global coordinates.
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• The transformation matrix [Tl is defined by:

1 0 0 0 0 0

0 c s 0 0 0
T= (5.11 )

0 0 0 c s 0

0 0 0 0 0 1

x·-x·
where: c = J '

1
and

Yj - Yi
s=~--

1

•

5.2.2 Modelling end anchorage

The direct rock-cable connection provided by plates and anchors change the load

transfer in the cable.

To take into account the plates in the simulation of cable bolts an hypothesis was

formulated : when the cable boit is fixed with a plate and a nut, the two nodes

representing the anchor head, and the adjacent rock are forced to move together, to

simulate the anchoring effect (Figure 5.2).

The stiffness matrix of the cable element change and the transformation matrix

became:

0 c s 0

0 c s 0
T=

0 0 0 c

0 0 0 0

o 0

o 0

s 0

o 1

(5.12)

•
The load distribution along cable bolts with end plates is different from the case

without plates as shown by the model. The maximum force is mobilized at the

anchored end and is zero at the free end. A case study in a coal mine using cable holts
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• and rock bolts with plates (Bouteldja and Mitri, 1999) shows the effect of plates in the

load distribution along the cable for fully and partially grouted cable hol15.

\~

4~

~

~

~
1

~
1
~

Moving together

..
cable Host

-.. rnrlr

'ldesh

Plates

Excavation•

Figure 5.2: Simulation of anchored cable bolts
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• 5.2.3 Modelling of prelension

Cable bolts are in sorne situations pretensioned and became active to help the rock

mass to resist itself . It is apparent that pretensioning of the cable bolls is not required

in the majority of underground cable bolling situations except where the horizontal

stresses are low. This is not the case for rock bohs especially mechanically anchored

bolts which are in most cases tensioned.

When anchor tensioning is required at the lime of installation (Figure 5.3), an initial

load vector, Fe°sbould be included in the formulation as:

(5.13)

•
Where Bb is the strain-displacement matrix of the bar element and t is the tension

force.

(5.14)

,X. -,X.
With: c= J 1

1
d

Yj - Yian s=-..;.--
1

•

1: length of cable element

Figure 5.3 shows the simulation of pretension for a cable boIt.

- For element connected to plate tj=t, t j=O and for the rest t i =tj = O.

- For element connected to the cable ti = 0, tj = -t .

- For ail the rest t i = tj = O.

When a passive cable boIt is installed, the load vector from rock anchor element is

Feo= O.
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As the finite element mode1 cao simulate rock bolts and rock anchors. For

mechanicaIly anchored boit the tension force is distributed unifonnly aIong the boIt

but for partiaIly and fully grouted bolls the load from the tension force tends to zero at

the free end because of the resin anchored end (Tang et al. 9 1999). The effect of

pretension in the load distribution as computed by the model is shown in Figure 5.4.

•

Cable Jo Host--.. rock

t t: tensi

'~Mesh

Excavation

•

on force

l~

l~

J [,.tt

i 1t
l

~
~

~
~

•

Figure 5.3: Simulation of tensioned cable bolts
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(a) Mechanically anchored boit

Resin anchored
~ . .
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• Distance along boh

(b) Resin anchored boit
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Distance along boit

(c) FuUy grouted boit and cabebolls

•
Figure 5.4: Anticipated load distribution along tensioned cable bolts
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5.3 The program e-z tools

The new cable element mode1 was implemented in e-z tools software which was

previously developed at McGill University (Mitri, 1993). e-z tools is a finite element

modelling software for 2-dimensional stress and stability analysis of surface and

underground excavations in rock and soil materials.

The program consists of three modules (Figure 5.5), the preprocessor (ezpre), the core

program (ezcor) and the postprocessor (ezpost) . In order to model cable bolts, the

users needs to create a datafile with the extension CAB and will have the same name

as the mesh file (.COR file). The purpose of the .CAB file is to provide such data as

the mechanical properties of the cable boit. the bond stiffness of the interface material

and the locations of the cable bolts, the need for end plates and the tension force.

e-z tools uses a Iinear elastic model with 4-nodes isoparametric element. The program

cao simulate up to 8 materials. Isotropie or onhotropic materials cao be simulated. The

safety level of the material eao he caleulated using Mohr-Coulomb or Hoek..Brown

failure criteria (Hoek and Brown, 1980 and 1988).
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file.CAB
(cable data)

file.DOC
(documeDt results)

"
file .NDE

(Dodes aBd elemeBts)

-

Start

file.DAT
(data rile)

Preprocessor

file.COR
(ready to rUD)

Core

~

file.DIS
(displacemeDts)

Post processor

Stop

file.STS
(stresses)

~ ,
file.CDT

(results of cable boit
aDalysis)

•
Figure 5.5: Flowchart of e-z tools
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5.5 Numerical eumple

In order to demonstrate the capability of the proposed modelling technique in

simulating cable bolts, a simple example of a rectangular, underground excavation is

presented. The dimensions of the excavation are Sm wide by 3.6m high as shown in

Figure 5.6 and it is situated 200m below ground surface. The vertical in situ stress is

given by the depth times the unit weight ofthe rock, while the horizontal 10 vertical in

situ stress ratio is 0.8. It is assumed that the immediate roof rock layer is of poor

quality rock and hence requires support. The geomechanical properties of the host

rock and the mofare listed in Table 5.1.

A row of six (6) 2.4m-long cable bolts with O.9m spacing is assumed. Different cases

are simulated to illustrate the effeets of anchorage type, length of anchorage, and pre­

tensioning on the load distribution along the cable boit and maximum axial load

attained.

A finite element model was constructed using e-z tools with 962, 4-node isoparametric

elements to simulate fully grouted cable bolts and partially grouted cable bolts (Figure

5.7).

Cable bolts are simulated with the following parameters:

Be = 200 GPa (modulus ofelasticity ofthe cable)

Ac = 0.000138 m2 (cable area)

k = 105 MN/mlm (for the resin anchored portion ofthe cable boit)

k = 67.3 MNlmlm (for the cement grouted portion of the cable boit)

t = 2.5 tonnes (tension force where applicable)



1.8 m

3.6 m

654

Cable bolls (1=2.4 m. e=O.9m)

./ÎJHard rock
25 GPa. u=O.2}

Weak rock
4 GPa. u=0.251

~ ~ ~ ~

Tunnel

'\J Oeplh =200 m

(E=

CE=
•

•
5m

I[

Figure 5.6: Definition of numerical example analyzed

Table 5.1: Geomechanical properties of the numerical example

•

Materia! Propenies Host rock Roof

y (MN/m3
) 0.027 0.025

E (MPa) 2S000 4000

v 0.2 0.25
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...
~

Figure 5.7: Finite element mesh of the numerical example
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• 5.4.1 Fully erouted cable

When the cable is cement grouted over the entire length. the load distribution exhibits

a consistent increase in axialload to a maximum value at the boit head; see Figure 5.8.

Cable No. 3 attained a maximum load of 4.5 tonnes. Tensioning of fully grouted cable

bolts can he made possible with the help of a fast setting resin grout. Figure 5.9. shows

the results of this simulation where resin grout is applied over a length of 0.6m.

cement grout over the remaining length of 1.8m. and a tension load of 2.5tonnes is

applied. The maximum boit load is found at its head and is 7.0 tonnes. for cable No. 3.

The third simulation is one in which the cable boIt is not anchored at both ends. In this

case, the maximum load on boit No. 3 is only 2.1 tonnes as shown in Figure 5.10.

• - 8 1~

aJ
C 6c
0- 4---~u
~ 2

&:
0

0 0.4 0.8 1.2 1.6

Distance (m)

2 2.4

~cable1

~cable2

--.-cable3

•

Figure 5.8: Axialload distribution along fully grouted cable bolts (with end plate)
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L..-- 'j

i
1

i
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Figure 5.9: Axialload distribution a10ng fully grouted cable OOlts (with pretension)
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~
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c
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~
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~
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2 2.4
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:~cable 2~:. .
, '

i--.- cable 3 :i
1

1

1

!

•

Figure 5.10: Axialload distribution a10ng fully grouted cable bolts (no end plate)
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• 5.5.2 Partially grouted cable (resin graut)

In this case the cable boit is resin grouted for a length of 0.6 m. The shear bond

stifthess a10ng the ungrouted length is zero and for the grouted length k=10S

MN/mlm. Two cases were simulated one with end plate and another with a tension

forœ of 2.5 tonnes. The results are shown in Figures 5.11 and S.12. As cao be see~

the axial load distribution is uniform a10ng the free length with a value for cable no.3

of S.3 tonnes with plates (Figure 5.11) and 7.8 tonnes with pretension (Figure 5.12).

The axial load decays to zero over the resin grouted portion. Such behaviour is also in

agreement with the work reported by Hutchinson and Diederichs (1996), and

Thompson (1992).

• 8..-..
U2
~

fi 6 -+-cable1.s
'-" 4 ___ cable2

U2
lU --6-cable3e 2
0
~

0
a 0.4 0.8 1.2 1.6 2 2.4

Distance (m)

Figure 5.11: Axial force distribution in the partially grouted cable

(with end plate)
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10 ....---------------;

8a==a=~1=====I~
6
4 .....--.----....-....-

2

O+----r--~----""T'"_-"""'T"'"-__

•
o 0.4 0.8 1.2 1.6 2 2.4

Distance (m)

Figure 5.12: Axial force distribution in the partially grouted cable (with pretension)

5.4.3 Rockbolts

•
The model developed ean be generalized for rock anehors other than cable bolts. For

fully grouted rock bolts and resin bolls the simulation is similar as for cable bolts as

shown in the numerical example. For mechanical bolts the simulation is different.

The simulation of expansion shell anchored rockbolts cao he achieved with two

assumptions. First, the two nodes on the boit head and the rock surface are forced ta

move together, thus simulating complete anchorage. Secondly, the expansion shell is

assumed to undergo sorne slip as the boit works, thus, a shear bond stiffness value of

300 MN/miro is assigned at the boIt end (toe). Simulation of mechanical bolts in the

numerical example with a pretension load of 2.5 tonnes shows an unifonn load

distribution (Figure 5.13) The maximum mobilised load is 5.8 tonnes in boit No.3 near

the excavation mid-span.

• 5-20



•

•

•

_8
~ 6 '" '" '" '" .. __cable1â
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8
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"'" 0
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Distanœ(m)

Figure S.13: Axialload distribution a10ng mechanically anchored bolts

5.5 Summary

The proposed numerical modelling technique is capable of representing a wide range

of load and boundary conditions, like the efl'ect of cable boit tensioning, grouting

(fully or partially), and head anchorage. More specifically, it can be noted that:

1. Head and toe anchorage causes an increase in the cable boit load.

2. Cable boit tensioning increases the cable boit load.

3. Resin grout results in higher cable boit load than cement graut.

4. When the cablebolt is not anchored al both ends, the maximum axialload develops

somewhere in the middle.
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CHAPTER6

MODEL PARAMETRIC STUDY

6.1 Introduction

ln this chapter, a parametric study is perfonned using the newly developed numerical

model for cable boit. The study examines the effect of variation of the followiDg

parameters: cable cross sectional area, cable length, stitTness of host medium,

canfining stress, shear bond stiffness, end anchorage and pretensioD. The numerical

example described in Chapter 5 is adopted for the parametric study with 6 cable bolts

as shown in Figure 6.1.

The dimensions of the excavation are Sm wide by 3.6m high and it is situated 200m

below ground surface. It is assumed that the irnmediate roof rock layer is of poor

quality rock and hence requires support. The modulus of elasticity and unit weight of

the hard rock are: E=20 GPa and y= 0.027 MN/m3
. For the roof rock layer: E=20 GPa

and y= 0.027 MN/m3
• The in-situ stresses are:

av = y H =5 MPa (venical stress)

ah= Ko av = 4.32 MPa (horizontal stress)

Where: H is the depth below surface =200 m.

Ko the horizontal to vertical in-situ stress ratio =0.8.



• A row of six (6) 3.6 rn-long cable bolts with O.9m spacing and with end plates is

assurned. Cable bolts are simulated with the followiog parameters: Ec = 200 GPa

(modulus of elasticity of the cable), A c =0.(>0028 m2 (cross sectional area) and the

shear bond stiffness k= 20 MN/mlm.

3.6 m

1.8 m

Cable bolts 0=3.6 m. e=O.9m)

1

VÎ
3 4 5 6

Hard rock

= 25 GPa. u=0.2)

Weak rock
4 GPa. u=0.25)

- .~ .~ .~ --;; -~

Tunnel

\7 DeDth =200 m

Œ=

(E

•

5 m

•
Figure 6.1: Example used for the parametric study
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6.1 EfI'ect of cross section" ara of the cable

Cable area is used as input parameter in the model and have an effect in the mobilized

load in the cable. The effect of cross sectional area of the cable on the cable capacity

have been studied by Many authors in the laboratory and in the field (Hassani et al.

1992, Hyett et al. 1992). Since ditTerent types of cable bolts are used in the field

(standard cable bolts, modified cable geometries), cross sectional area of the cable

varied from 100 mm2 to 615 mm:! .

Table 6.1 shows the different values for cross sectional area of the cable and the

maximum forces computed for each cable by the Madel. As the problem is symmetric

only forces mobilized along cables 1,2 and 3 are presented.The shear bond stiftbess is

kept constant with a value of 20 MN/mlm (cement grout with a water:cement ratio

w:c=O.35). The cable boit is fully grouted along the entire length orthe borehole.

Figures 6.2 and 6.3 show the load distribution along cables for a cable area of 100

mm2 and 615 mm2 respectively. The maximum forces are computed for cable 3 with

an intensity of 1.9 tonnes for Ac:=I00 mm2 and 6.1 tonnes for Ac:=61S mm2
•

Figure 6.4 presents the variation of the maximum forces in the cable with the cable

cross sectioned area. The maximum forces mobilized increase with the increase in

cross sectional area of the cable. The effect of variation in the cross sectional area of

the cable as computed by the model is the same as the effeet of extemal diameter of

sample on pull-out capacity ofcable in the laboratory (Hassani et al., 1992).
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• Table 6.1: Maximum forces computed with variation ofcross sectional area ofthe

cable

Cable area Diameter Maximum axialloads (tonnes)

(mm2) (inch) Cable1 Cable2 Cable3

100 0.5" 1.0 1.8 1.9

138 Single SIS" 1.2 2.3 2.4

200 0.7" 1.6 3.0 3.2

2S0 Double SiS" 1.9 3.7 4.0

615 LI .. 2.8 5.6 6.1

5• 'i4
c • cable1c 3 -.s--- • cable 2rn 2 -"'.

AU
~ '" - * cable3-0 1 .-. --~

~ - .... ~

0 -- ~

0 0.9 1.8 2.7 3.6

Distance (m)

Figure 6.2: Load distribution a10ng cables (Ac=138 mm2
)
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o
':=-4
~

~ 2 r-~..-.-..-....-..._--..
~ ..--...........~
OL.-~~-~----=::::~ ..

o

Figure 6.3: Load distribution along cables (Ac=615 mm2
)

-~lU
8• ==0- 6 l~cablel-lU

~ 4 ~cable2cE
E 2 -+-cable3 1::::
E

0.;ë
~

~ 0 200 400 600 800
.,

Cable area (mm-)

Figure 6.4: Effect of cable area on the maximum forces
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6.2 EtI'ect of embedment lengtb

Embedment length is an important factor which have an effect on the load distribution

along the cable boit. Table 6.2 shows the different values used for the embedment

length and the maximum loads computed in the cables. Embedment length varied from

1.35 m to 7.2 m and the modulus ofelasticity ofthe weak rock is E=4 GPa.

Figures 6.5 and 6.6 show the load distribution a10ng cables for an embedment length

of 1.35 m and 7.2 m. The maximum forces mobilized in cable 3 are 1.6 tonnes for

L=1.3S m and 4.3 tonnes for L=7.2 m.

Figure 6.7 shows the variation of the maximum loads mobilized in the cables with

embedment length. Maximum loads inccease Iinearly with embedment length and then

become constant reaching a critica1 value (critica1 bond length). Figure 6.8 shows the

maximum force mobilized in cable 3 for two values ofroof rock stiffhess E=4GPa and

E=20 GPa, maximum forces are higher for low modulus ofelasticity.

Table 6.2: Maximum forces computed with variation ofembedment length

Embedment Maximum axial 10ad (tonnes)

length (m) Cable} Cable 2 Cable3

1.35 1.0 1.5 1.6

2.4 1.6 3.1 3.2

3.6 1.9 3.7 4.0

5.2 2.0 3.9 4.3

7.2 2.0 4.0 4.3



•
• cable1,

• cab1e21
* cable2j

0.9 1.20.3 0.6

5 -p-----------------,-ri 4c
c
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•
Figure 6.5: load distribution along cables (L:1.35 m)
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Figure 6.6: Load distribution along cables (1..=7.2 m)
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Figure 6.8: Effeet of embedment length on the maximum force for cable 3 with

variation of modulus of elastieity
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6.3 EfI'ect of host medium stiffness

The host medium (rock rnass) is another parameter which influences the cable

capacity and the load transfer.

Table 6.3 shows the different values used for the host medium stifthess, the shear

bond stiffness and the maximum forces cornputed in the cables. For this simulation the

modulus ofelasticity ofthe weak rock varies tram 2 GPa ta 20 GPa

Figures 6.9 and 6.10 show the load distribution a10ng cables for a modulus of

elasticity of20 GPa and 2 GPa respectively. The maximum forces mobilized in cable

3 are 0.9 tonnes for E=20 GPa and 7.8 tonnes for E=2 GPa

Figure 6.11 shows the variation of the maximum force mobilized in the cable and the

modulus ofelasticity ofthe hast medium. The maximum forces mobilized in the cable

decrease with increasing of modulus of elasticity. For a weak and ftaetured rock the

maximum forces rnobilized in the cable are higher tban for a bard rock and this is due

to large displacements on the ground for weak rock which create tension on the cable

and increase the force rnobilized on the cable.
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• Table 6.3: Maximum forces computed with variation of hast medium stiffness

Modulus of elasticity Forces

E (MPa) (tonnes)

Cablel Cable2 Cable3

20000 0.4 0.8 0.9

10000 0.7 1.5 1.7

4000 1.9 3.7 3.9

2000 3.9 7.3 7.8

~cable1

........ cable2

-.--cable3 1

3.62.71.8

Distance (m)

0.9

5,...-------------­-rs 4c
§ 3--rs 2
~

& a
1
,p;~~~;!-.......~~;t~~~~-:I!!!!!!!!!I--l......
a

•

Figure 6.9: Load distribution alang cables (E=2OGPa)
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Figure 6.10: Load distribution along cables (E=2GPa)
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Figure 6.11: Effect of modulus of elasticity on the maximum forces
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• 6.4 Effect of cOlÜming pressure

Variation of confining pressure in the field is the most important parameter in the

design of cable bolls because this parameter leads to many failures in the field. The

effect of this parameter was studied by many authors (Moossavi, 1997 ; Hyett et al.,

1992; Yazici et al., 1992).

A simulation was done to see how the model takes into account this parameter. Table

6.4 shows the different values used for the confining pressure and the maximum forces

in the cables as computed by the model. Variation of shear bond stiffness with

confining pressure is calculated using the empirical formula for standard cable bolts

developed in chapter 4:

•
k =12.31âG +63.7

k = 310 MN/mlm

O<L\a$20 MPa

~a~OMPa

•

Figures 6.12 and 6.13 show the load distribution along cables for a variation of

confining pressure of 3 MPa and 15 MPa. The maximum forces computed in cable 3

are 1.9 tonnes for a stress variation of 3 MPa and a shear bond stiffness of 101

MN/mlm and 16.2 tonnes for a stress variation of 15 MPa and a shear bond stiffness

of 248 MN/mlm.

Figure 6. 14 presents the variation of the forces in the cable for shear bond stiffness (k)

varying in function of confining pressure. An increase in the confining pressure causes

an increase of the forces mobilized in the cable.
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Keeping the shear bond stiffness constant as in the classical procedure, a simulation

was done to see the difference with variable shear bond stiffness, Table 6.5 and Figure

6.15 show the results for a constant shear bond stiffness (k=20 MN/mlm). The

maximum force mobilized in the cables increased in cable 3 from 14.4 tonnes to 22.1

tonnes for a stress variation of 20 MPa. This shows that an underestimation of shear

bond stiffness in the cable cao lead to a lower safety factor and may lead to failure in

the cable.

Table 6.4: Maximum forces computed with variation of confining pressure (k variable)

Confining pressure Calculated shear Forces

~(f (MPa) bond stiffness (tonnes)

k(MN/mlm) Cable1 Cable 2 Cable3

3.0 101 1.3 2.1 2.3

5.0 125 2.6 4.3 4.5

10.0 187 6.3 9.9 10.3

15.0 248 10.3 15.7 16.2

20.0 317 14.7 21.6 22.1
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Figure 6.12: Load distribution along cables (âCJ=3 MPa)
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Figure 6.13: Load distribution along cables (âa= 15 MPa)
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Figure 6.14: Effect of variation of confining pressure on the maximum forces

(k variable)

Table 6.5: Maximum forces computed with variation of confining pressure

(k constant)

Confining pressure Forces

L1cr (MPa) (tonnes)

Cable 1 Cable 2 Cable3

3.0 0.8 1.5 1.6

5.0 1.5 2.9 3.1

10.0 3.3 6.4 6.9

15.0 5.1 9.9 10.6

20.0 6.9 13.4 14.4
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Figure 6.15: Effect ofvariation ofconfining pressure on the maximum forces

(k constant)

•
6.5 Etrect of shear bond stitrness

Shear bond stiffness (k) is one of the most important parameters atTecting the

behaviour ofcable bolts. As shown before it's a factor which depends on water cement

ratio, stiffitess ofhost medium and variation oftheconfining pressure.

Simulations were condueted by varying the shear bond stiffness and keeping constant

the modulus of elasticity of hast medium and the canfining pressure. Table 6.6

presents the different values of shear bond stiffness, varying from 20 MN/mlm to 300

MN/mlm, and the maximum forces mobilized on the cable bolts. Figures 6.16 and

6.17 show the load distribution along the cables for a shear bond stitfness of 20

MN/mlm and 300 MN/mlm. The maximum forces computed for cable 3 are 4 tonnes

for a shear bond stitfness of20 tonnes and 6.2 tonnes for a shear bond stiffness of3S0

MN/mlm.

•
Figure 6.18 presents the variation of the maximum forces mobilized in the cable and

shear bond stiffness k. The mobilized Joad increases Iinearly with the shear bond
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• stiffbess but is constant for higher values of shear bond stiffitess. This is in

accordance with the work ofMoossavi (1997) reported in bis PhD thesis.

Table 6.6: Maximum forces computed with variation ofshear bond stiffness

•

Shear bond stiffness Force

(k) (MN/mlm) (tonnes)

Cable1 Cable2 Cable3

20 1.9 3.7 4.0

50 2.6 4.8 5.1

100 3.2 5.4 5.7

200 3.7 5.8 6.0

300 4.0 6.0 6.1

350 4.2 6.0 6.2

-+-cable1
---cable 2
-6-cable3

3.60.9 1.8 2.7

Distance (m)

5-r----------------.~

fj 4
~ 3 f==a::=::t:~-.~-..
'-'
fj 2 ..................__
u ~-....a 1 ----..-...~
'- 0 -l---,..--~.:..:::::;::::::~...I.

a

Figure 6.16: Load distribution a10ng cables (k=20MNlmlm)
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Figure 6.18: Effect of shear bond stiffness on the maximum forces
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6.6 EfI'ect of end anchorage and preteDsion

Load distribution a10ng cable bolts is very sensitive to the use of end plates and

pretension. The effect of end anchorage is shawn on Figure 6.19. Without plates, the

axial force is zero at both ends of the cable and the maximum force computed is 1.5

tonnes. However, the use of plate increased the load distribution a10ng the cable, and

the maximum force computed increased to a value of4 tonnes at the anchored end and

the force is zero at the ftee end.

For pretension, Figure 6.20 shows the load distribution along cable 3 taking ioto

account the effect of pretensioning. The load distribution, using pretension shows an

increase of the maximum force ftom 4 tonnes to 6.5 tonnes with a pretension of 2.5

tonnes. The maximum force is computed at the anchored end, the load distribution

shows a decrease in the load distribution at the resin grouted part to reach zero at the

free end part as the pretension is applied at the anchored end and is not uniformly

distributed a10ng the the cable. The load distribution along tensioned cable bolts and

rock bolts depend on the type ofgrout and the type ofanchor used.
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6.7 Summary

The parametric study bas led to the following conclusions:

• Cross sectional area of the cable: The model is sensitive to the variation of cross

sectional area of the cable. The forces mobilized in the cable increase linearly with the

cross sectional area ofthe cable.

• Embedment length: Maximum loads in the cable increases with the embedment

length and become constant reaching a critical value (critical bond length).

• Stiffness of host medium: fractured and weak rocks mobilized more loads on the

cable than hard rock and this can be attributed to large displacement in case of weak

rocks which increases the forces in the cable.

• Confining pressure: The model is very sensitive to the variation of confining

pressure. The shear bond stiffness depends on the variation of contining pressure and

the empirical model was used to compute the shear bond stifthess. The forces

mobilized in the cable increase Iinearly with the confining pressure.

• Shear bond stiffitess: This is the most important parameter which affect the load

distribution a10ng cable bolts. The mobilized loads increase linearly with shear bond

stiffness. For higher values the model is less sensitive to the variation of shear bond

stiffness and the forces reach a constant value.

• Plates: End plates change the load distribution a10ng cables and the model is very

sensitive to this etÏeet. The maximum force in the cable is computed at the anchored

end and is zero at the free end.

• Pretension: Pretension increases the Joad distribution along cable bolts. The load

increases at the anchored end and is zero at the ftee end for grouted cable bolts.
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CHAPTER7
PROPOSED DESIGN METHODOLOGY AND CASE

STUDIES

7.1 Proposed design methodology

An adequate procedure for the designing a cable boit system must take into consideration

a number of important parameters he considered including cable bolting pattern, density,

orientation, length and grout perfonnance.

Any design procedure consists ofthe following conceptual stages:

- Problem definition.

- Establishing the design criteria.

- Determining a possible solution.

- Evaluation ofthe prospective solution and to ensure objectives have been met.

Following this design philosophy a design approach May be proposed. The proposed

design method uses an empirical model for the evaluation of shear bond stifthess k

which simulates cable-rock interface and a new finite element model developed and

implemented in e-z tools for the detennination of the load distribution along the cable

boit.



• The proposed design methodology (Figure 7.1) coDSists ofthree steps:

1) Preliminary analysis: Carry out a preliminary stress anaIysis ofthe mine opening. This

requires the knowledge ofthe following input parameters:

a) Geometry of the openings: A finite element model is constnleted with the boundary

conditions associated with the problem.

b) In situ stresses:

The in-situ stresses are given by :

•
av = y H (Vertical stress)

aH =Ka av (Horizontal stress)

(7.1)

(7.2)

Where y is the average unit weight ofthe rock mass, H the depth below surface and Ko

the horizontal to vertical stress coefficient.

c) Geomechanical data ofthe rock mass:

For the elastic model, two parameters used are the deformation modulus ofthe rockmass

ERM and the Poisson's ratio v. The defonnation modulus of the rock mass rnay be

calculated by knowing either the rock mass rating RMR or the rock mass quality Q, by

using one orthe following empirical equations:

ERM =2RMR-I00 (GPa) (7.3) (Bieniawski, 1978)

•
R.WR-IO

E -10-411 -RM- (GPa)

(GPa)

(7.4) (Serafim and Pereira, 1983)

(7.S) (Serafim and Pereira, 1983)
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E RM =,I0.0028RMRz +O.9exp(RMR)] (7.6) (Nicholson and Bieniawski, 1990)
~L 22.82

ERM -- E [1- cos g(RMR)] (7 7) (Mi . Edri . d H . 9)2 100 . tn, SSI an enmng, 1 96

where E is the Young's modulus ofintact rock material.

Equation 7.3 is Iimited to values of RMR greater than SO, or else it produces negative

values for ERM. According to Serafim and Pereira (1983), equation 7.4, or its equivalent

7.S, in tenns ofQ, are valid only for the range ofERM between 1 and 10 GPa. This leaves

equations 7.6 and 7.7 to choose from, for ail praetical purposes. According to

Mohammad et al. (1997), equation 7.7 was found to provide a much better fit with field

data, than equation 7.6, as it provides more realistic reductions olERM in the low RMR

and stit1hess range.

For Mohr-coulomb criterion the parameters used are:

(Ct.): cohesion and internai friction ofthe rock mass.

For Hoek-Brown criterion:

Ge : uniaxial compressive strength ofthe intact rock.

m and s: values depending on the type ofrock mass.

Hoek and Brown (1988) proposed a revised set of relations between Bieniawskits rock

mass rating (RMR.) and the parameters m and s.
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•
m =m, exp(_RMR_

2
_;_1_O_O)

s =exp(RMRg-lOO)

(7.8)

(7.9)

•

•

where mi is the value ofm for intact rock.

With this information, a finite element model can be constructed and the mining-induced

stresses and defonnations are calculated.

2) Determination of the need for cable boit support: This step consists of the delineation

ofany potentially unstable zones, thus requiring support. In this context, unstable zones

may he defined as those areas where failure is induced by high stress concentration, or

high stress relief thus creating a zone ofground relaxation and possible sloughinglcaving.

In elastic model, the zone ofground relaxation is identified with tensile zone. The safety

level cao be calculated using the equations (7.12) and (7.1S).

- For shear failure:

The safety level of the material can he calculated using Mohr-Coulomb or Hoek-Brown

failure criteria. Given the principal stresses (01,02 and (3) at a point, the quantities with

subscripts "ail" and "max" representing the strength and the existing stress orthe material

respectively.



• For Mohr-Coulomb criterion:

The safety factor is defined as F = 'rail 1 'tmax

For Hoek-Brown criterion:

2 112
O'all = 0'3 + (mCfc:Cf3 +SCfc: )

O'max = Gl (positive in compression)

F = Gall 1 (J'max

(7.10)

(7.11 )

(7.12)

(7.13)

(7.14)

(7.15)

•
According to Brady and Brown (1993), experimental rock failure envelopes are generally

non linear and therefore Coulomb's linear criterion is not a particularly satisfactory peak

strength criterion for rocks.

- For tension failure:

Cf > Cfl : tension failure

O'l : tensile strength of the rockmass.

(7.16)

•

In case of heavily jointed rockmass, the tensile stress may he taken as zero, on the

assumption that the joints will open under the smallest tensile stress.

If the results of the preliminary analysis are indicative of unstable zones around the

excavation, the method suggests the use of cable boit support and il proceeds to the next

step.
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• 3) Selection of a cable bolting system: A proposed cable bolting pattern. with specified

cable geometry, grout mix. etc. is proposed at this stage. A second stress analysis can

then be carried out to examine the effectiveness of the selected cable bolting system using

the new numerical model to compute the load distribution along cable bolts. Based on

the stress results obtained from the preliminary analysis. a value for the shear bond

stiffness of the cable bolts is calculated using the empirical model described in chapter 4.

k=a L1a+b (7.17)

•

•

k : Shear bond stiffness (MN/mlm)

âCJ : Variation of confining pressure (MPa)

a. b: parameters depending on type of cable. water:cement ratio and host medium

stiffness.

In the second analysis. both the cable bolts and unstable zones are simulated. Unstable

zones are simulated by reducing the elastic properties of the rock mass in the unstable

area and using a corrected rock mass modulus ER =R. ERM where R is the reduction

factor (10 to 20 %) and ERM the deformation modulus of the rockmass. Different cable

systems may he tried out, in an iterative process. as shown in Figure 7.1, until a

satisfactory system is reached. The type of cable support system used should be suitable

to the ground conditions and the maximum load computed along the cable should not

exceed the cable capacity divided by an appropriate safety factor.

The parameters that are taken into account by the proPQsed design approach are:

• Cable length. orientation. geometry and density.

• Grout mix properties.

• Rock mass properties.

• Mining induced effects (stresses. defonnations).
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• Surface fixtures (end plates).

• Pretension at point of installation.

To demonstrate the application of the proposed design methodology in the field, two case

studies are presented using cable 00115 as ground support: one for a hard rock Canadian

mine and another for a Western U.S coal mine.
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Figure 7.1: Proposed design methodology for cable bolted mining excavations
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7.2 Case study 1: Stope hanging-wall support by cable bolts

7.2.1 Description of the case study

An open stope in a Canadian underground mine (Bousquet mine) using sublevel.

longhole mining method (Figure 7.2) is analyzed. The stope, located 1170m below

surface, is 30rn high and 7m wide. The orebody is a stiff, massive sulphide, sandwiched

between sof~ schistose host walls. As a result7 ore extraction causes significant stress

relief in the walls, which cao result in significant wall caving into the stope (or ore

dilution) when the walls are not supported. To remedy the situation, cable bolts are

installed, prior to stope mining. from a hanging wall drift in a fanning pattern as shown

in Figure 7.2. This pattern is repeated every 1.5 meters in the strike direction of the

orebody. The geomechanical data are listed in Table 7.1. The in situ stresses are given by:

Gy 0= yB, (vertical stress) MPa

<1x 0= 2.26 yH (horizontal stress perpendicular to the strike) MPa

<12 0= 1.52 yH (horizontal stress parallel to the strike) MPa,

where, H is the depth below surfacee1170m) and y is the average unit weight of the rock

mass (0.027 MN/m3
).

The deformation modulus of the rock mass reponed in Table 7.1 was calculated in terms

of its Young's modulus of elasticity (of intact rock material) and rock mass rating RMR

using equation 7.7.
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Figure 7.2: Sublevel open stope supported by 8 cable bolts
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7.2.2 Preliminary analysis and delineation of hanging wall weak. rock

A finite element model was constructed with a dense, graded mesh in the hanging wall to

examine the stress levels around the mine stope (Figure 7.3). The results of the

preliminary analysis show high stress concentration reaching up to 183 MPa in top and

bottom corners of the stope (Figure 7.4). It also shows significant stress relief zone both

in the hanging wall and footwall with relief or tensile stresses reaching up to 41 MPa.

Defore a cable boit analysis is carried out, it is important to delineate the area in the

hanging wall requiring support. Ta do so, the elements having tensile stresses in the

hanging wall are identified as the weak rock zone. These are modelled in the final

analysis with lower mechanical propenies than the hanging wall rock. The treatment of

the hanging wall rock as a no-tension material was shown to give better results than other

rock failure criteria, it appears to give more realistic results and conforms more closely

with the Cavity Monitoring System measurements of the mined stope (Diakité, 1998;

Mitri et al. 1998). It is therefore adopted for the case study presented herein.

Table 7.1: Rock mass properties used for preliminary modelling (case study 1)

Hanging Footwall Sulphide Weakrock

wall (HW) (FW) Orebody (HW)

y (MN/m3
) 0.027 0.027 0.027 0.025

E(MPa) 54000 75000 125000

RMR 50 55 75

ER(f\.1Pa) 31000 49000 115000 5270

v 0.21 0.15 0.1 0.3
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Figure 7.3: Finite element mesh of the stope with cable holts
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Figure 7.4: Principal stress levels for the case study 1
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7.2.3 Analysis with cable bolts and model validation

The analysis with cable bolts is condueted with the cable bolting pattern shown in Figure

7.2. A total of eight, standard 7-wïre7 15.875 mm diameter7 cable bolts are used. These

cables have a tensile strength capacity of26 tonnes each. The following input parameters

were used in modelling ofcable bolts:

Aç=139 mm2 (cross sectional area).

Ec=200 GPa (modulus ofelasticity).

The shear bond stiffitess is determined using the empirical model. For standard cable boit

with a water cement:ratio of 0.35 and no variation of confining pressure: /c=63.7

~/mlm.

The deformation modulus of the weak rock mass was determined ftom a sensitivity

analysis and comparison of model results with field observations (Figure 7.S). The

selected deformation modulus for the cable boit analysis is equal to 17% of that of the

hanging wall rock mass, i.e. 5270 MPa. The cable boit analysis was then carried out and

the axial load distribution in each of the cables was computed. The load distribution

results are plotted in Figure 7.6. As can be seen, the axial load is zero at bath ends ofaIl

cables. This is because the cables are not anchor~ neither at the drift nor at the stope

face. The cables7 which appear to take more load are Nos. 1, 2 and 3 with peak axial

loads of 22.34, 24.75 and 22.16 tonnes, respectively (Figure 7.7). This May be attributed

ta the effect of the angle between the cable and the stope face. When such angle is near

90 degrees, the cable support appears to be more effective.
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Figure 7.S: Delineation of potentially unstable zones
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Figure 7.6: Axial force distribution in the cable bolts
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Figure 7.7: Axial force distribution in the cable bolts (cables 1,2,3 and 4)
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The same mine stope of this case study was the subject of a field investigation by

Bawden et aL (1997). In their study, the axial displacements in selected cables were

monitored at six anchor points along the cable from the time of their installation prior to

mining to the time when stope blasts were completed and the stope was completely

mined out (as shown in Figure 7.2). Knowing the axial stretch between two anchor points

along the cable. the strains were calcuJated and hence the average cable axial Joad for that

segment. The results and observations reported by Bawden et al. served to validate the

present model. First. it was reponed that the cable loads were negligibJe in the lower

holes; an observation. which substantiates the numerical resuJts obtained here, e.g. for

cables 7 and 8. Secondly, the cables in the upper holes attained maximum loads of nearly

250kN (or 25 tonnes); which correlates very weIl with the computed maximum loads in

cables 1.2 and 3 (22.16 to 24 tonnes).
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7.3 Case study 2: Tailgate secondary supports

Cable bolting is becoming widely used as secondary support in coal mines. The use of

cablebolting in coal mines was initially developed in Australian coal mines ( Q'Grady et

al.. 1993) and now it is used in United Kingdom~ V.S.A and Canada. The cables are

generally placed in critical areas (gate roads~ belt roads and travelling roads) to assure

safety in the mine. Resin-grouted cable hol15 are now the Most commonly used in coal

mines, as resin grou15 provide an excellent mechanical interlock thus creating a high

degree of cable anchorage.

7.3.1 Description of the case study

This case study describes the installation and evaluation of resin-grouted cables for

secondary support in a longwall gale road in a Western V.S coal mine (Tadolini~ 1999).

Cable support systems were designed to provide stability in agate road that was utilized

for two longwall panels, first as headgate and then a tailgate (Figure 7.8).

The mining depth is approximately 365 m and the initial mining height is 2.8 m. The

abutment pillar designed to absorb the first panel abutment stresses and protect the

integrity of the yield pillar measured 30.5 m wide by 40 m long. The yield pillar

measures 11.2 m wide by 40 m long. The geology consisted of top coal, shale and

sandstone. Rock mass properties of different materials are presented in Table 7.2.
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Figure 7.8: Plan view of the mining area under study (case study 2)
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Table 7.2: Materia! properties of the coal mine case study

Property Coal Shale Sandstone Gob

"'((MN/m3
) 0.012 0.0224 0.0256 0.016

E (MPa) 3378 14410 33784 1441

v 0.4 0.37 0.3 0.4

7.3.2 Descripton of the finite element model

To model rock holts and cablebolts in the mine two modelling scenarios, namely model

A and B, were adopted (Bouteldja and Mitri, 1999). For model A, panel 2 is mined out

and panel 3 is not (Figure 7.9). which correspond to mining of panel 2 and only rock

bolts were used. For model B, both panel 2 and panel 3 are rnined out. Here. the cable

bolls are used to support the tailgate (Figure 7.10).

A finite element mesh was constructed with 2598, 4-node isoparametric elements

(Figure 7.11). A preliminary analysis without bolts was done to examine the stress

distribution in the mine and delineate the tensile stress zones in the roof. For the model A.

both panel 2 (gob) and the tensile stress zone were modeled with a weak material (E:1.44

GPa, v=O.40). For the model B, panels 2 and 3 as weIl as the tensile stress zone in the

roof were modeled with the same weak material (Figure 7.12).

7-20



Sandstone

•

•

•

1.75t
0.75 m

2.8 m

Section 1·1

r-.--.--.--.--._----.--.--.--------.----- -- -. - --- --,
1 1. .

: Sandstone :- .
1 1
1 1

rockbolt :
Sbale.llll ml 1 8 1 5 ')III....,_c_o_a_I = . m.e:

O
•bi

1

1
1

1
1. .!-. .__ . •__ •__• .J

~--::2~6~5-m--...t...tI ~·M-:-::---:2=--"""M:-: ....ItlIt-----"'·"'5-.8,*l(m·I---:-~--~( 5.8 fnll. m "5.8 m 30.5 m 265 m ~

Figure 7.9: Coal mine case study - Model A

365 m



•
r--------------------------------------------------,

1.75 m

t0.75 m

2.8 m

1

: cable boit
i (I=4-9m,e= 1.5 m)
1

1 Gob
1

Sandstone

Coal

1

1
1

rockbolt i 365 m

( 1=1.8 m, e=1.5 m'

Gob

Sandstone

•

•

1

1
1

1
1

L. -'

1-------t...11 .........Io------l.__-I•......-----t._....I-----~
265 m 5.8 m 11.2 m 5_8 m 30.5 m 5.8 m 265 m

Figure 7_10: Coal mine case study - Model B

7-22



•

Gob

Shale

change IIIëlterial na.es ? (y/n) MTERIAL TYPE

--------------------------, ili:Sili1i;ili SaM S

Coal

•

Figure 7.1 1: Finite Element mesh and geological materials modeled

• 7-23



Sandstone

•
1.75 mI

0.75 m

2.8 m

r-·--·--·--·--·--·--------------------·-----·-----·,
: Sandstone :

Tensile zones

Shale

~.- ~c;~.:·~:·: -.....
,; ,:.~:~<~~;Jlt.~',~,-. " ..

1

1
1

1
1

L.-- . . .__ . .__ .J

1-----"'"·~t---··1----""""l·......--t·M-----....·~·......-----~265 m 5.8 m 11.2 m 5.8 m 30.5 m 5.8 m 265 m

365 m

•

•

Figure 7.12: Delineation of tensile stress zones in the roofs of panels 2 and 3

The instrumented test area was initially supported with 1.9 m full column resin-grouted

boIts as primary support on a 1.5 m row spacing as shown in Figure 7.13. Resin grouted

cable bolls supports were installed after mining panel 2 as a secondary support with end

bearing plates to support the tailgate (Figure 7.13) with a length of 4.9 m and 1.5 m

spacing. Standard 7-wire, 15.2 mm diameter cables were used. These cables have a load

bearing capacity of 26 tonnes, a modulus of elasticity of 200 GPa and are partiaily

grouted (1_7 ID resin).



• Shear bond stiffness k:

As the empirical model developed for shear bond stiffness is available ooly for cement

grout. shear bond stiffness for resin grout was determined from the results of laboratory

pull-out tests. A shear bond stiffness k of 300 MN/mlm for the cable bolts in the grouted

length was taken and for rock bolts k= lOS MN/mlm . These results are based on the

pull-out tests reported by Tadolini ( 1998).

cable boit
3 4/( 1=4.9 m. e=1.S ml2

1 23 4 5 6 7 8 9 10 Il 12
V'kboit (l=1.8m,e=1.5m)

#1 #2 #3
2.8 m

•
5.8 m 11.2 m 5.8 m 30.5 m 5.8 m

Figure 7.13: Location of cable bolts and rock bolts

•• 7-25



•

•

7.3.3 Discussion orthe results

For the tirst analysis, the maximum forces in the bolts as computed by e-z tools are

shawn in Table 7.3. The forces decrease ta reach zero at the ftee end (Figure 7.14). The

maximum force computed is S.3 tonnes and is mobilized by the rock boit 12 which is

near the panel 2, that is mined out and tilled with gob.

Table 7.3: Maximum forces in the roekbolts

Bolts 1 2 3 4

Forces (tonnes) S.O 4.1 4.1 S.O

ModelA

Forees (tonnes) 4.3 4.1 4.1 4.3

ModelB

0.3 0.6 0.9 1.2 1.5 1.8

Distance (m)
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•

Figure 7.14: Axial force distribution in the resin- grouted rock bolts (Madel A)
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• 7.3.3 Discussion of the results

For the first analysis. the maximum forces in the bolts as computed by e-z tools are

shown in Table 7.3. The forces decrease to reach zero at the free end (Figure 7.14). The

maximum force computed is 5.3 tonnes. We see that the maximum force is mobilized by

the rock boit 12 which is near the panel 2. that is mined out and filled with gob.

Table 7.3: Maximum forces in the rockbolts

•

Bolts 1 2 3 4

Forces (tonnes) 5.0 4.1 4.1 5.0

Model A

Forces (tonnes) 4.3 4.1 4.1 4.3

Model B

­~Co)

==o--~
Co)

~

~

0.3 0.6 0.9 1.2 1.5 1.8
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I-6-OOlt3
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•

Figure 7.14: Axial force distribution in the resin- grouted rock hol15 (Model A)
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• For the second analysis, rock bolts and cable bolts were used. The maximum forces in the

rockbolts are shown in Table 7.3 and in Table 7.4 for cablebolts. The load distribution in

the rockbolts which support gates 2 and 3 (bolts 5 to 12) is the same as for model A and

the maximum force is 5.3 tonnes (rock boIt 12) but for the gate 1, the Joad distribution is

different and for the rock bolls the maximum force is 4.3 tonnes (bolts 1 and 4). For the

cablebolts, the maximum force mobilized is 13.6 tonnes (cable 1) at the plated face and

the minimum force is zero at the toe of the cables (Figure 7.15).

Table 7.4: Maximum forces in the cables (Model B)

•

Cable 1 2 3 4

Forces 13.6 13.5 13.5 13.5

(tonnes)

~cable 1

""-cable 2

--6-cable 3
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0.7 1.4 2.1 2.8 3.5 4.2 4.9

Distance (m)
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o
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u
ê 10o--t1'.:

~ 5
tf

•
Figure 7.15: Axial force distribution in the cable bolts
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The monitoring results from measured field instrumentation indicated that the maximum

cable boit force was 14.8 tonnes (Tadolini, 1999). This is in ac<:ordance with the forces

computed by the model where the maximum force was 13.6 tonnes (Figure 7.13). When

comparing load values, cable bolts mobilized more forces than rock bolts.

7.4 Summary

A design methodology is proposed and applied ta two case studies. The case studies are:

stope hanging-wal1 support by cable bolts in hardrock mine and tailgate secondary

supports in a coal mine. It appears ftom the first case study (hardrock mine) that hanging­

wall cable bolts are quite effective, particularly those which are nearly perpendicu1ar to

the stope face (cables No. 1, 2 and 3) and that that the cablebolting pattern could be

optimized by moving more of the cable bolts towards the upper end of the stope. This

wouId result in more evenly shared loads on the cable bolts and wouId reduce overall

cost. From the second case study, it is shown that the maximum cable boit force is at the

anchored end with forces reaching 5 tonnes in the resin-grouted rockbolts and 13.3 tonnes

in the resin grouted cable bolts. This compares favourably with field measurement of

14.8 tonnes for the maximum axial force in the cable bolts. The use of the design

methodology as a design tool for cable bolts has been demonstrated by the two case

studies.
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CHAPTER8

CONCLUSIONS

8.1 Summary and Condosions

Cable bolts have been used for many years for the support ofunderground excavations

and new type of cables, grom, pumps and installation methods has been successfully

developed. The design of cable bolts became a real challenge for the ground control

engineer even with the existing empirical, analYtical and numerical design methods

(Yazici et al., 1992; Byett et al. 1992; Mitri, 1993). This thesis investigates a new

numerical model and proposes a design approach for cable bolts.

An empirical model for the evaluation of shear bond stiffness which simulates the

interface cable-grout and grout-rock was developed using a collection of data

assembled in a database from laboratory and field pull-out tests . The shear bond

stifthess varied depending on the type of cable, stiffness of host medium and

canfining pressure. The empirical model showed that the shear bond stitfness is

proportional to the modulus of elasticity of host medium and variation of confining

pressure depending on type of cable and water:cement ratio. Shear bond stifthess is

higher for modified geometry cable bolts (garford bulb and nutcase) than for standard

cable bolts. This is in accordance with the work of Moossavi reported in bis PhD

thesis (1997).

Load distribution a10ng cable bolts was investigated numerically using the finite

element method and a new numerical model was developed. The numerical model

take into account the important parameters affecting the behaviour ofcable bolts as the
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type ofcable, the type ofgrout, the stifthess ofhost medium and variation ofcanfining

pressure. FuUy and panially grouted cable bolts can be simulated varying the shear

bond stitfness along the cables. End anchored cable bolts with attached plates and

tensioned cao be simulated.

A model parametric study varying including parameters like cable area, embedment

length, modulus ofelasticity of host medium and variation of canfining pressure was

candueted. For cable area, maximum forces mobilized in the cable increased with

cable area and modified geometry cables and twin standard cable mobilized more

loads than standard cable. The embedment length is another parameter which bas a

great influence on load distribution a10ng cable bolts. The loads increase linearly with

embedment iength but reaching a critical value (critical bond length), the loads

mobilized become constant. Varying the modulus of elasticity of host medium causes

a decrease in the cable boit with stiffitess ofhost medium. Weak rocks mobilized more

forces than hard rock. Another important parameter is the variation of canfining

pressure and simulation of different variation of canfining pressure show that

maximum forces on the cable increase with an increase ofcanfining pressure.

Using the numerical and empirical models developed, a new design methodology was

proposed. In this new approach unstable zones were simulated by reducing the elastic

properties of the rock mass in the unstable area and using the empirical model for the

evaluation ofshear bond stiffitess.

To test the application of the model in the field two case studies with instrumented

cables were presented. The first case study was a hanging wall support in an

underground mine (Bousquet mine, Val D'or, Québec) where the use of cable bolts are

very efficient to limit ore dilution. The computed load distribution along the cable

bolts computed by the model correlated weil with the results obtained ftom the

instrumentation in the field. The second case study was a gateroad support in a

Western U.S coal mine using cable bolts as secondary support with resin grout and
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plates. A comparison with measurements in the field (Bawden, 1997; Tadolini, 1999)

shows a good accordance with computed forces.

The model developed in this thesis may be generalized for other internai ground

supports such as rock bolts even though it was developed for cable bolts. Some

limitations ofthe Model are:

- The model is a linear elastic. No elastoplastieity or viscoplasticity is accounted for.

- A maximum of9 isotropie or orthotropie materials can be modelled.

- 2-dimensional problems, plane stress or plane strain analysis are modelled. 3-

dimensional problems are not simulated.

- Statie analysis only are performed and dynamic loads are not simulated. Dynamie

loading effect might be simulated using the concept ofequivalent statie loading.

8-3



•

•

•

1.2 Furtber Researcb Studies:

The research work presented in this thesis cao he further extended in the foUowing

directions:

1- Implementation of a visco-plastic model in the program to simulate large

defonnations and the effect oftime.

2- Futther calibration studies are recommended to enhance the model reliability in

underground mining applications.

3- Development of a 3-dimensional formulation for the model to handle 3D miDing

applications. Three dimensional analyses are required in such situations as drift

intersections and room and pillar mining.

4- Investigation ofnew type ofmaterials for cable bolts to reduce the cost and increase

the cable capacity.
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STATEMENT OF CONTRIBUTION

A finite element mode1 for the design of cable bolts was developed. This model

computes the load distribution along cable bolts taking into-account the imponant

parameters affecting the behaviour of cables as cable tYPe, stiffness of host medium,

confining pressure, attached plates and pretension.

The numerical model is used with an empirical model developed for the evaluation of

shear bond stiffness for cable bolts. A database with a collection of data from pull-out

tests was constructed and integraled with the new model.

A design methodology is proposed for the design of cable bollS and applied for two

cases studies using cable bollS as ground support: one for an underground hardrock

mine and another for a coal mine.
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APPENDIXA
Modelling of Cable Doits with e-z tools

ln order to model internai ground supports in a given problem, the user needs to create

a datafile in accrodance with the instructions given in this section. This file, should be

designated with the extension CAB (Figure Al) and will have the same name as the

mesh file (.COR file).

Creating a .CABfile

In the following, the sequence of input data required to construct the .CAB file is

explained. Use any text editor to type the data file. The purpose of the CAB file is to

provide such data as the mechanical properties of the cable boit, the bond stiffness of

the interface materia! and the locations of the cable bolts. The latter is determined by

specifying the nodes on the mesh which are located along the cable boit. Therefore, it

is important to have the mesh with the nodes marked on it before starting to write the

.CAB file. Onfy 4 cards of data are needed for each cable boit to he simulated. The

program will then automatically divide each boit into a number of cable bolting

elements according to the nodes specified along the cable boIt.



• Card 1: Cable Boit Properties

Variable Entry

~N' Enter cable boIt number between quotation marks e.g.' l'

EB Modulus of elasticity of the cable boIt material

AB Cross sectional area of the cable boIt

NB Number of nodes defining the boit length.

R Factor for resin anchor (=1 in case of pretension, =0 without pretension)

T Intensity of tension force

Card 2: Cable Boit Properties

Variable Entry

Enter the letter n between quotes, i.e. 'n·

•
(NOB(I),I= l,NB) Enter an array of NB node numbers that define the boit length and

orientation. Refer to the actual finite element mesh (not the zone model)

for node numbers (.COR file).

•

Card 3: Data of Interface

Variable Entry

Enter the letter s between quotes, i.e. 's'

(SOB(I),I=I,NB) Enter an array of NB sûffness values define the shear bond stiffness per

Unit length between the cable boit and solid material domain. Note that the

units Should he in force per unit area Le. like stress uoits.
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Card 4: Need for attacbed plates

Variable Entry

Enter the letter p between quote y i.e. 'p'

(POB(l)J=l.NB) Enter number 1 or 0 (=1 in case of attached plates y =0 without plates)

Repeat the sequence of cards 1y2y3, 4 until ail cable boit data is entered. Enter E~n

on the last line.
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• Example

The following are the contents of an example .CAB file. It gives the data of 3 cable

bolts that ail have a modulus of elasticity of 200,000 MPa, and a cross sectional area

of O. 0014 m2. Each of the 3 cable bolts is defined by 4 nodes. and the shear bond

stiffness of the bonding m~terial is 90 MPa.

- Cable bolts are not attaehed with plates and Dot tensioned :

'1' 2()()()()() .0014 400

"n' 17 18 19 20

's' 90 90 90 90

'p' 0 0 0 0

'2' 2()()()()() .0014 400

·n' 5 6 7 8

• ·s' 90909090

'p' 0 o 0 0

'3 1 2()()()()() .0014 400

·n' 1 2 3 4

·s' 90909090

'p' 0 0 0 0

END

In the above example, the number of cable boits simulated is 3 but the resulting

number of bolting elements is 3 x 3 =9.

•
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- Cable bolts are end anchored with anached plates:

'1' 200000 .0014 4 0 0

·n' 17 18 19 20

·s' 90 90 90 90

'p' 1 0 0 0

'2' 200000 .0014 4 0 0

·n' 5 6 7 8

·s· 90 90 90 90

'p' 1 0 0 0

'3' 200000 .0014 4 0 0

"n' 1 2 3 4

·s' 9090 90 90

'p' 1 0 0 0

END

- Cable bolts are tensioned with a pretension of 2.5 tonnes:

'l' 200000 .0014 4 1 0.025

4 n' 17 18 19 20

4 S' 90 90 90 90

'p' 1 0 0 0

'2' 200000 .0014 4 1 0.025

4 n' 5 6 7 8

·s' 90 90 90 90

'p' 1 0 0 0

'3' 200000 .0014 4 1 0.025

"n' 1 2 3 4

's' 90909090

'p' 1 0 0 0

END
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• file.DAT
Files created by the

user ~

~
ezpre

~

file.CAB file.COR

~
ocumentary ... ezcor -output file ..

...
~

~ file.DOC 1

"- file.NDE

• ",,

1 fîle.CDr 1
,. file.DIS ~

,,
file.STS .......

- "

•

ezpost
.. ...-.-------_.....

Figure Ala: Aowchart of e-z tools (Modelling of cable bolts)
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~:~~'fdre8f ~ :·;~*ltti~!~~lè type
L..aboratory Standard
Laboratory Standard
Laboratory Standard
Field Standard
......... - _, .
Field Standard
..... - .

Field Standard
Laboratory Standard
........ .._.....- .- --...
Laboratory Standard
Laboratory Standard

... . -. ~~ ....- -.

Laboratory Standard
. . .. _. . -- _ _ - - -

Field Standard
Field Standard
-... .. ...-. .... *_._--------- ---_. - ..
Field Standard

- - •. ·- -0 .. --•• _---••

Field Standard
- . -. . .. -.. - .... "' .....-._. .. '.

Field Standard---_._ .. _.' .... -_ ... ,_ ......_- -----.....
Field Standard
Field Standard

. .. .. ..-.' - ._....... .

Field Standard- - - - - .

Field Standard
Field Standard
-------._-_.-._....... .._---- - -,

Field Standard
. .... --.- - - - -. - .. ' ...

Field Standard
-. . ..
Field Standard_ _- - ._ .

Field Standard
Field 1Standard

Field and laboratory pull-out test results

"'. Méd~timl;··.l~',~.lqf!ij1~~i~~ïiti(..,)1 Wié! ratio~\IS .•rfM~Im1N/iiI/~)1 Source
Steel 200.00 0.25 0.30 0.00 101.00 Hyett (92)

. .
Aluminum 72.00 0.25i 0.30; 0.00 so.oo,,,
PVC 3.00 0.251 0.30; 0.00 32.40 Il

Granite 23.30 0.25 i 0.30! 0.00 96.00\ Il

Limestone ... '3i30 ... -o.isl 0.30;' ... ... tioo' 37.32 i"
40 ~ .. __. ~ '.

Shale 1 13.50 0.25 0.30! 0.00 41.68!"

:~~ I~~:: .... ~:~~~ ~::~i" .. ... ~:: ..... ~~::~:::
:Steel 1 200.00 0.25 0.50 i 0.00 64.601"
: • • • • __ • L • ~. • ~ ,

~ PVC 3.00 0.25 0.501 0.00 27.00: "
... . _.... . .. 1 . ,. . 1

Granite 23.00 0.25 0.40: 0.00 82.80;"

,Shale 14.~ .. .. ~.251 0.401 ~'OO 71-20'"
,Iimestone~~.~ 0.25 0.40 0.00 72.001 11

1Granite 23.00 0.25 0.50 0.00 59.201"
1. " t· .. - . 1"
~Shale 14.00 0.25 0.50. 0.00 66.80,
l' ' _ -.--.-.- .. 1 _.. ---" .- - - . - .. . . -- .. i Il

.Llmestone 32.00 0.251 0.50 0.00 87.60;
1 1.

[Granite 23.()() 0.38 0.30

1

1 0.00 60.00jll
'Shale 14.00 0.38 0.30 0.00 36.30'11

!~~:~~te ~~:;.... ~.:~~I ~:~; ;:: ~:::l::
:Schist . 14.9~ 0.251 0.35l O'«?O 86.S0;Bawden (92)

Sch~st 1 14.90 0.25: 0.351 0.00 86.80:::
Schlst 1 14:90 0.25 0.35! . 0.00 86.80

1
Schist 1 14.90 0.25 ~ 0.35 1 O.OO! 86.S0 Il

Schist 1 14.90, 0.25. 0.35; 0.00\ 86.80: 11
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Field and laboratory pull-out test results

•
• 1.' :Test:·,,':.: ·,',;:;,t18blë.type·,,·t.,~<;. KMediiliD',:: l'" ',E(GPa): ';:~ ~6~Ul~)';~'w':c'ratlcf;' dSttess ('MPa-) ,k("'Mmtâlt: i~~\\;J1SoÜi'èe

, "'. ,"' .. " .• '. ~ .••• ,--.. '. \, ... ~, .. trI. 5~!\ftI, .............,...... , .... "'-,", , ,""'" _... ~~ ... \'I.,I',l; I,%:-e~ .... , ....

'Field Birdcage iSchist 14.90i 0.30 0.35 0.001' 43.33 111
1 1

:Field :Birdcage !Schist 14.901 0.30 0.35 0.001 54.30 111

!Field ;Birdcage iSchisi 14.901 0.30 0.35 O.OOi 54.30'"

'1 Field IB~rdca~e . _... ISc~iSI 14.901... ..~.~o. 0.35: 0.00. 54.30;".
Field 1Birdcage Schist , 14.901 0.30 0.35: 0.00 54.30 Il

l ' , • ..• • ...... _.. 1

!Field 1Nutcase Schist 14.90 0.30 0.351 0.00 50.00'"

1Field 1Nulcase " . Schisl : 14.90. .. ..0.300.35 i 0.00 5o.JJO'"
1Field 1Nulcase Schist 1 14.90 0.30 0.35

1
0.00 50.00111

.Field Nutcase Schist i 14.90 0.30 0.35 j 0.00 50.001
"

... . 1 . '. ..--.. . . ; .....

Field S~~ndard. _ ~yo~ite 1 10.60. . ..~.25 ..~.35; 0.00 5~.~01': .
Field Standard Ryolite 1 10.60 0.25 0.351 0.00 58.80 Il

::::: .. ~~:~::~~=~= ~~m:':'1 :~::.~ ~:~~ ......• ~:~~l ~:: ~:~~[
Field ~t.a~~ar~. ........ ~yo'.~t~ 10.~ , , .~.~~ . ~.351 0.00 58.~0'";:::: :~~~:~ --_··.. ~::~~i-· . :~:~ _----~:~ '-"-~:~~I' ~:: -- ~::~~I~·· .
Field Birdcage Ryolite 10.60 0.30 0.351 0.00 38.70 111

.. , ·r
Field Nutcase Ryolite 10.60 0.30 0.35i 0.00 37.50 111

;::;:. ~;;; _-~ ;~;i:;~._ :~:;~:H"_' ~:;~:.~~l ~:: ~i:.~~i~
Field Nutcase Ryolite 10.60 0.30 0.351 0.00 37.50 Il
.- -~ '.... .... . .. . . _... . .. -. - ..... - .... _.- , . . . . - i . .

Field St.andard Ryolite 10.60 0.30 0.351 0.00 8.33'"
Field Birdcage Ryolite 10.60 0.30 0.35: 0.00 27.80 1tl

_. _. -. •• .• ... .• ••. _o. _. - _, 4._ l ,._ ,._ ••••

Field Birdcage Ryolite 10.60 0.30 0.35, 27.80 111

Field 1Nutcase IRyoli~e 10.601 0.30 0.35: 54.20 111
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r,1'.t"~Test·, .
.. 1, ':.. f'

Field
1

IField
:Laboratory

Laboratory
Laboratory

'1 Laboratory
1Laboratory
,Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
..- .- ...._..- ..

Laboratory
Laboratory
Laboratory
-- - - .....-_.. '..
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory_._. _.._.....

Laboratory
Laboratory
Laboratory
Laboratory
Laboratory

Field and laboratory pull-out test results
eablêl~ ..'t~'··:':·M·edlü"f;.~ f"; E(O~")!l\~ ~Ee""" :,''-t 'U':; ,,~. ",U' l, S·t~"', " "';),' LnljEj'j'W" '.'

.'- ; ~\ r).41~j'~; ~~ .. 1 • '. , .. ~(". ,-'~(,..~ ' •• , •. ::~.~:., 1'-l.t· . ~. 1 ~ 'j • ''-''' !t,;,.:. ,': .~. r•..• '•.•... ' .::;. ~\~'~~I il;.'" ~

Nutcase 1Ryolite 10.60; 0.30 0.35 54.20111

Nutcase Ryolite 10.601 0.30 0.35 54.201tt

1 ...

Standard Steel : 200.00 1 0.30 0.45 0.00 16.671GoriS (91 )
Standard Steel 1 200.00! 0.30 0.45 0.00 116.65 "
Standard' ;Steel i 200,00 .. .•.... . o..2~ 0.45 O.oo! 104:')(iI~'

Standard 1Steel 200.00 0JO 0.45: O.OO! 110.17 "

'Stan~~!d ...__ ._ ~~~el 200.00 .....~~~ ._..... ~.4.~: 0.OO~9~.~~~~'.
'Standard Steel 200.00 0.40 0.45 O.OO! 97.25 "
! 1

!~:::::~...... ~::: ~::: ....~::~ ::::: ~::I :~::~:: .
.. - •.._.. __ ••. -..... -. . . ..... ....... . ...• - --.-_.-..- ---.----. - .... --.. 1·.-....- _ ...

ISlandard Steel 200.00 0.56 0.45! 0.001 96.90 "
1 1
1 Standard Steel 200.00 0.60 0.45 \ 0.00 99.201"
;Standard-'--- SteeT---'---' ...... 200.00 ···_--·.. ·-0:66 ·..------·0:45 0.00 .... 95~45 ~. __... -
, .- __ o. _ _. __ . _. . - __ .. _ _.. _ _ ". __ •..__,_ ..

l~~:~~~=:=i:~::·_· .....:.... ~::~~·_··-Hi-~·:·~~~~r ... ~::I ;H~I~ .
[Standard Steel 200.00 0.25 0.351 0.00: 62.12 "
1 - - . --- ... . - _•• __ __ .• _. _ - , • _ .

jSt.an~a~~. , __ .' ~t~el . _ . 200.00 .. _ ~.~~ . . 0.40t 0.00 21.~ ': _
lStandard Steel 200.00 0.25 0.45 0.00 13.96 "

i~::~:~t~;~~~ ~:=:.- .....-.. ~::: ._.._..~:~~ .. -...... ~:1~ 1 . ... ~::I·· ~~~}~ ;;_ ....
f ...--_... ----_ ... -- ..- .... ..- . •• •. -.. _. .••• -.-. . .... , ,..... ..

lBirdca~e Steel 200.00 ~.2~ 0.451 O.OO! 175.~ '.'
:Birdcage Steel 200.00! 0.25 0.45; 0.001 220.80 Il

lStandard'" ... conèretë.... · 12.00! 0.15 0.40: O.OO~ 33.36 Rajaie (90)
1 1

standard Iconcrete 12.00 0.20 0.40' 0.00; 40.60 "
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Field and laboratory pull-out test results
l'':''':'':t.l~~;r'-'','':Jr.~·.~'''''':''':''' ~l~'~'~~" ~~~~t~ea:"T.!:l~jle"':""""·t-.~:·r-·~~.. ~èd~IÜ~··...~<~-:T~;t~,~~~··,·~·t1~'··1 . .~ ~'~~~illm)'L l·,.w:'~~do~~ S. ',1" ,f, l, ,;i.~; \~'UN/hllm) ~~\.Sôif~·>~:,:
Jf:.•.~l'" .~, .•~oo MY ~ . ,. d·.· .. ' ,.. ,:1p. , _. ~ .~~~5~~~,...., ,.~.~~: é ..;..... ~'.,..~~!~ , " t!~ .. ,

Laboratory standard concrcte! I~.OO 0.30; 0.40[ 0.00: 35.40 " 1

~boratory ~tandard concrete 1 1~.oo 0.40: 0.40, 0.00
1

34.40 ~"

Laboratory standard concrete 1 12.00 O.SOi 0.40, 0.00 33.30;11
! 1

Laboratory standard concrete 12.00 0.60; 0.401 0.00 30.S01 11
...-_.._-_. _.- .__.- ..---- ..... --.. .. . .. - ....------.. - .. i .. :. ........ _ .... _·0 .. '.. 1 .

Laboratory standard concrete 12.00 0.751 0.40 0.00 30.70,"
iaiiOi-lIïory----silÎndârd Steel 2.0iioo 0.251 0.301 -- -\'OO 80.48iMcSporran(93)

~tt~:~~i- -~::~:: ~teel - -- -- - - ---~~: ~:~~ 1 ~:~~i----- t: :~::: i::
Laboratory standard 1" 200.00 0.251 0.30\ 3.00 SO.12i l1

'Laboratory -sïàndard j" 200.()Ô 0.251 0.301 3.00 80.12;11

~aboratory"---st~ndard ,II ··-2ôO~.OO 0.25 1 0.30\······ 3.00 80.12!"

~boratory_ sta~~~r.~ [" '. ""_'''_'.' _. ._ 200.~ _ .. .~.~5 ~·~~I __._ _.~.'~ .__ ._ .. _~~.121"
!:lI~~I~!r. __.__ sland_ard 1" __ . . _..... ~~.~ '.' 0.25 0.301 . _ __ _ 3.00. . 80.121

1

"

~~i~:~i~----- ~:~~~i: :: -. .- -~~~~- ~:~~ ~:~~1 .. -... ~:: ... : ::::~, ::

~:~:::~---- ::::: 1::'.-. ------ ._-;::: -.- - - . ::~~ ~:;~---_.--.:~:: ----- ~:~:~~!::
.. _. - ---.." """ - 1 ' - 0- .. - . - • . . .. :

Laboratory standard 1" 200.00 0.25 0.30 10.00 193.201"
_.- -----~~--_.....-- ----- . _. - -- - ._~. ---- - -. - .. _..- - .... .. --

Laboratory standard" 200.00 0.25 0.30 10.00 193.201"
. . . l

Laboratory standard" 200.00 0.25 0.30, 15.00 265.6°1"
LabOratory ---- standard' . " ... "'-... .. .. ·..·------..·200.00 -.-... 0.25 1 ojo; ...0_'__"- - ""'j'S.Oô -··265.60l"
• --_••.-_ o. ---'-"-' .. . . .•._- - 1 ..- " 1

~a~~~~~~~ ..._ ~~~~d~r~ I" ~00.00 0.25 0.301 15.00 265.60;"
Laboratory standard 1" 200.00 0.25 0.301 15.00 265.60'"
--- .•._-_ ..•.. ".. _.- "'-0._.0 . .. . 1 -. _.... ••.••• " .•. 1 ..... . .

Laboratory standard ;" 1 200.00 0.25 0.30i ,11

Laboratory standard " i 200.00 0.25 0.30
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Field and laboratory pull-out test results

,·~till.~iml~;·';~,~l~(tyPè.:·.i\,[~~M~ed~iu~·m-".:~~ki~~Q:IRll.lili>.iL~:w:c ntl~ y:r$.~[(Dlblni)
Laboratory standard " ! 200.001 0.25 0.40· 2.00 96.56 "

. 1

Laboratory standard Il 1 20(lOOj 0.25: 0.40 2.00 96.56 "
: '. 1

Laboratory standard " 1 200.00 0.25 i 0.40. 5.00 144.80 "
l '

Laboratory standard Il 200.00 0.25! 0.40, 5.00 144.80 "
.... - •._.. • - -._. 1 - ._ •.•. , • .. 1 1... . _,,,. . . _ . . .

Laboratory standard " 1 200.00 0.251 0.40! 5.00 144.80 Il

~b~~ai~~y- standard "1' .. 200.00 0.251 0.401 10.00 185.12 "

Laboratory standard" 200.00 0.25; 0.40: 10.00 185.12,"
[aboratory~"-- ~i~nd~lfd " .' ."'-- 20(Üij - .... '0.251 0.401 -'.. 10.00 "" 185.12>

LaIJofli'ory . ... sl~~dar~ 1". ~()().()() ~.25' 0.401. 10.00 185.121"
Laboratory standard j Il 200.00 0.25 0.40, 15.00 241.40 i

Il

Laboratory ........ staÎuïard i" ' --- .. -200~OO 0.25 0.40'" 15~OO ....... 241.40,"

~~rat~.!.~__ ~!~~~~~~. .. I" ._ _. ~.~~ _.__.__ ~.25 0.40 , I~:~. _. ._~~.I..40:"
Laboratory standard!" 200.00 0.25 0.401 15.00 24 1.40 i Il
~ - ., '"-''''''' 1 . . __ -- ._-----. .. _ .. . . _ . -- _ . 1

~~~:::i-"- ::~:~. r ..__ .~::: ~:~~ ~:~~ ~:: ~::~i::
LâbOt:atory- standard' 1" ·.._··20(iOO .. ·----0:25 0.50 "'---"-""-'-2:00 ·--·-·----·64.401"

Laboratory standard 1" 200.00 0.25 0.50 5.00 112.16 i"
LâbOiâïory --- standard I" 200.00 .. .0.25 0.50 5:00'--- i12.16 1"- ------ .-- -.-- .._. ---- ---. .. -..-- -- ..-._.... . .. . -. - - -" l
Laboratory standard" 200.00 0.25 0.50 5.00 112.16' Il

Laboratory standard Il 200.00 0.25 0.50 5.00 112.16 111

- -.------. _ ... _ ..--- -- .. ----- •• 1 ..... • •• .... ... _ '.'_j' ...._.... _.... .,__ ..... ~... .
Laboratory standard!" 200.00 0.25 0.50, 10.00 165.601"
- .•--..-.-.-----..--- -- .• -. 1 _ 'o...... .. j --. .. 1

Laboratory standard~" 200.00 0.25 0.50 10.00 165.60 1
"

Î..abOratory'- standard: 1I 200.00 . ·"0.25 0.50 10.00 -165.60 111

_.__ ._~._. .. .. ._ " l _ __._ ,,_.. '" ._.." _.__ ..
Laboratory garford bulb III 200.00 0.301 0.40 2.00 183.70~"

Laboratory garford bulb 'Il 200.00 0.30, 0.401 2.00 115.701 11

,So~rçè !t·!:
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Field and laboratory pull-out test results

garfor<ll,uïb--·-T.-.- --.. _ .. ., - .

garford bulb III

Igarfor~.b~!~~.. _·Ii.·

I
lgarford bulb ";j'"

nutcase III

1nuiëasé·..----- --- Iii --.-

lnutcase- - .- . 1;;' - .

igarford bulb III

Igarford buÎb----· Iii

1garford bulb 1"
1 _••!garford buill" _. 1i,' .

IgarfonÎ buiil' ..... li,- .. -

Inutcase III

I:::~::.-~-~.=-r·.. ·· ···0·

-._, ...
Il

2.OU~ 1H3.70IMoossavi(97)
2.00j 183.70 Il

2.001 226.00 111

2.00 1

1

22~·~1::··
2.00 226.00 Il

2.00 226.001
"

5.00 205.30 111

5.00 205.30. 11

5.00 205.30111

5.00 2~~._3~1'~
5.00 218.00 Il

~:: ~: :}~~~. - ...

5.00 211.70111

I~:~ ... .~~~:ful;····.
10.00 224.00111

10.00 224.00111

10.00 224.00111

IO.~ .. _..~~~ '?~/.'~. _.._. .
10.00 261.70 "

10.00 261.701
"

10.00 261.70111

15.00 230.00 1
"

15.001 230.00 111

2ûO.OO i 0.30 0.40

200.00 i 0.30 0.40·
200.00 0.30 0.40,

i 1

200.001... .-.- ..-~~~~ . _ ~.~~i
200.00 0.30 0.40:

- 0- •••• _ • • _.

200.00 0.30 0.40·
. . 1

200.001 0.30 0.40:
1. _. _ __ __ ..... .. . .. ;

2oo.0()" 0.30 0.40 1

1

200.00 0.30 0.401
. ... ..... . . .. ,

200.00 0.30 0.40!
200.00 1

••••• 0.30" .- Ô.40;

200.00 _. .__..~.~~ .__....-~.~~l.
200.00 ~.~~. . . o..~~l
200.00 0.30 0.401
200.00 .,., . ·····0.'3"0 ....,. _o, 0.401

2oo.00---·---oj(j .' --_.. ····_·0.40:
200.00 0.30 0.401

- .. - 1

200.00 0.30 0.40 i
..••• -._•••• _-•.•'. -- ·- .... t

200.00 0.30 0.40!

200.00 0.30 0.401
200.00·.. ·_·--_· .. ·0.30 ...-. -.--.-.. O.4oj·

.. - .... ...-.. -_.. - -. --,
200.00 0.30 0.40

. . . !

200.00 0.30 0.401
1•.••- .... -- '-"-- ..... ,

200.001 0.30 0.40:

200.00j 0.30 0.40!Il

- .
Il

Il

Il

"

Il

"

Il

\"

- -- ." ........ ~ .....
nutcase

Inutcase
~ . . -.

inutcase

garford bulb
garford bulb
:nutcase
:nutcase

!nutcase
1 __• __••••__ •••

Igarford bulb
.garford bulb

!Laboratory
.Laboratory

Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
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Laboratory
_o.' _ .. _...._••• __

Laboratory
Laboratory
Laboratory
Laboratory
Laboratory
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0.30i
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•
j~:~'loi:'!.. j, 'c:....b·le t .."" Il • ·1.M.~1'u';m~M- ..,··:.rfl>:R.'lf~~'" ~~.. ····di···~J~)- ~''"...~-~:-:Ü~l~~ S"~'." ': ~tÀI' ··~-·'·MN···'···".'m···) -~S~>.t..-tl~·····.to~'l'B''-;',' ,l/ ; ~.'\~.~ : ~ t':. QI rJ.it~ ~ . ~ . l '0' J ' _ 'DI'~ ·~}."'t:"'i ."u:~'H t . "-il' , 111I, _ .j~-;:l;··_: vu :: T"~'~

._ jf,; .••.••. J'. ~. ,., ,.:\. ..;t., ;, Ifl:9i " ' : _.. ~~.:It ~ I,.~··_J.._ ·, . ,a··.,., .•••• ,...•"•.~t
Laboratory .Standard Granite 65.00 0.20 0.401 0.00\ 15.00 " 1

Laboratory Istandard Gabbro 60.00 0.20: 0.40: o.ooi 21.10 "
. 1 1

Laboratory iStandard ,PVC 3.00: 0.14j 0.40 2.001 17.00 Il

Laboratory Standard .PVC 3.001 0.14· 0.40 5.001 20.40 "
LabCiràtor"y' Standard !PVC _...... 3.00: 0.14! 0.40' . 7.001 17.00 "
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